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INTRODUCTION 
Detection and enumeration of indicator bacteria is of 
primary importance for monitoring the sanitation and micro­
biological quality of food and water. Coliforms, fecal 
coliforms, and Escherichia coli are all used as indicators 
of fecal pollution. Among these, E. coli is often preferred 
as an indicator because it is specific and more reliably 
reflects fecal origin. 
Current detection assays for E. coli and coliforms are 
based on the properties of acid or gas production from the 
fermentation of lactose. Some of the methods are : the mem­
brane filtration assay, the Most Probable Number method 
involving a presumptive test followed by a confirmed test, and 
pour plate methods using Violet Red Bile (VRB) agar. Although 
many of these methods are laborious and time consuming, some 
requiring up to 96 h to complete, they are widely used and 
approved by the American Public Health Association for the 
microbiological examination of water, wastewater (APHA, 1976b) 
and foods (APHA, 1976a). 
The concept of using coliforms and E. coli as indi­
cators of pollution has recently been questioned, partly 
because of the inadequacies of detection methods. It was 
determined that the accuracy and efficiency of these pro­
cedures were often affected by environmental conditions, as 
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well as by the physiological state of the indicator organism. 
For example, one of the major problems involved the detection 
of injured or stressed bacteria. The term "injury" implies 
a temporary damage, and it can be caused by unfavorable 
environmental conditions and by routine food treatment 
processes. Under appropriate conditions, recovery from 
injury can be effected; however, if these cells were not 
allowed to repair, they were often undetected by conven­
tional procedures. 
Another drawback lies in the susceptibility of E. coli 
and coliforms to bacterial interference or suppression. 
E. coli and coliforms are often masked or inhibited in the 
presence of large numbers of competing bacteria. Thus, 
their usefulness as indicators in high bacterial density 
waters is limited. Other factors, such as bacterial 
synergism and the presence of noncoliform lactose fer-
menters, have contributed to the inaccuracy of present 
coliform detection methodologies. 
One alternative to improving the surveillance of fecal 
contamination would be to use other indicators. Many 
bacteria and even viruses have been suggested; however, 
no suitable substitute for E. coli and coliforms has been 
accepted or approved. Therefore, the only other option 
would be to improve existing detection methodologies. 
Three modifications now being actively pursued are : 
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(a) attempts to reduce the time needed to complete the assay; 
(b) development of methods that will detect stressed or in­
jured organisms; and (c) development of techniques specific 
for the detection of E. coli. The use of microbial enzyme 
activity profiles contained many of the desired features 
such as specificity and rapidity; hence, it was an at­
tractive approach to improved E. coli detection assays. 
The production of the enzyme g-glucuronidase by E. 
coli was first reported by Buehler et al. (1949). The 
traditional substrate that was used to detect this enzyme's 
activity was the chromogenic substrate phenolphthalein glucu-
ronide (Talay et al., 1946). In 1954, Mead et al. used 
a fluorogenic compound, 4-methylumbelliferone glucuronide, 
to assay for E. coli 6-glucuronidase ; the fluorogenic assay 
was much more sensitive than the chromogenic method. 
The present study was undertaken to develop more ef­
ficient and more sensitive detection assays for E. coli by 
using the enzyme 8-glucuronidase and the fluorogenic substrate 
4-methylumbelliferone glucuronide. 
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LITERATURE REVIEW 
Escherichia coli as an Indicator 
of FecalPollution 
Background 
The earliest attempt to relate the bacterial content 
of water to the quality of water was suggested by Sternberg 
(1892). When plate counts were used to monitor bacterial 
density, these rough guidelines were proposed: safe - less 
than 100 cells/ml; marginal - 500 cells/ml; contêuninated -
greater than 1000 cells/ml. 
The idea of using bacterial indicators began with the 
work of Escherich (1887), who isolated Bacillus coli 
(Escherichia coli) from the feces of a cholera patient, and 
later demonstrated its universal presence in stools. In 
1892, Shardinger proposed that B. coli be used as an index 
of fecal pollution because B. coli was more easily recovered 
than intestinal pathogens such as Salmonella. Thus, Shar­
dinger formulated the concept of using E. coli as an indi­
cator organism, based on the assumption that the presence 
of this organism, outside of the body was indicative of fecal 
contamination. The presence of E. coli indirectly posed a 
potential health hazard because of its close association 
with intestinal pathogens. 
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As this idea was accepted and studied, it soon beccune 
apparent that E. coli was so similar to several other 
closely related bacteria that clear distinction between 
these organisms was difficult. These bacteria, including 
E. coli, collectively were called "coliforms"; they were 
thought to be exclusive inhabitants of the intestinal 
tract of warm-blooded animals. In 1914, the U.S. Public 
Health Service changed the indicator standard from E. coli 
to the coliform group, on the erroneous assumption that all 
members of the coliform group had equal sanitary signifi­
cance (Levine, 1961) . 
By definition, coliforms include all aerobic and 
facultative anaerobic, gram-negative, nonspore-forming, 
rod-shaped bacteria that ferment lactose with acid and/or 
gas production in 48 h at 35 C (APHA, 1976b). The coliform 
group included members of the genera Escherichia, Entero-
bacter, Klebsiella, Citrobacter, and Serratia, as well as 
any other organisms that conform to the definition. 
Use of the coliform group as an indicator was con­
venient because the simplistic definition provided a basis 
for easy and unambiguous detection methodologies. The 
broadness of the statement was a major drawback; however, 
since it included multiple genera, some of which were 
seldom associated with fecal contamination. For example, 
Enterobacter aerogenes was found to be a predominant 
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coliform type in soils (Koser, 1926; Frank and Skinner, 1941). 
Nonenteric coliforms, such as Aeromonas spp. were common 
in uncontaminated water (Buchanan and Gibbons, 1975), and 
Erwinia spp. were often associated with fruits and vege­
tables (Jay, 1978). This lack of fecal specificity necessi­
tated means by which coliforms of fecal origin could be 
distinguished from those of nonfecal origin. 
One of the earliest efforts to make this distinction 
was the work of Eijkman (1904), who subdivided the coliform 
group into nonfecal and fecal coliforms based on the 
abilities of the latter group to produce gas from the 
fermentation of glucose at 46 C. This assay, called the 
Eijkman test, has since undergone several modifications 
including the use of lactose instead of glucose (Perry and 
Hajna, 1933), and an incubation temperature of 44.5 C rather 
than 46 C (Geldreich, 1966). The criterion of incubation at 
elevated temperature is still used today to characterize 
fecal coliforms. This group is defined as having all the 
characteristics of coliforms; in addition, it is able to 
ferment lactose with gas production in 24 h at 44.5 C 
(APHA, 1976b). 
The use of fecal coliforms as indicators has been 
accepted better than the coliform group (APHA, 1976a; Dutka, 
1973; D'uFour, 1977; Chordash and Insalata, 1978). This was 
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mainly due to the high content-of E. coli in this group, 
which implied greater fecal specificity. However, since 
fecal coliforms were classified solely by the elevated 
temperature test, differentiation between fecal and non-
fecal coliforms was not absolute. Geldreich (1966) tested 
over 1000 cultures of E. coli; 92.7% were positive by the 
elevated temperature test. On the other hand, out of 4000 
nonfecal coliforms tested, about 7.8% also gave positive 
reaction. Therefore, despite the advantage of having fecal 
specificity, this group was still heterogeneous. It 
usually consists of about 95% E. coli, but also includes 
some Klebsiella and Enterobacter species (DuFour and Cabelli, 
1975; Prescott et al., 1946). The presence of non-E. coli 
members that are of doubtful fecal origin reduced the groups 
specificity and reliability. Hence, testing for E. coli 
came to be the most desired index of fecal pollution (Witter 
et al., 1976). 
Currently, the coliform group, the fecal coliform group, 
and E. coli are all used as indicators, which accounts for 
the existence of extensive detection methodologies. The 
use of multiple definitions of pollution indicators also 
added to the confusion involved when working with these 
bacterial indicators. 
For an organism to be a reliable indicator, it must 
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conform to a number of criteria (Dutka, 1973) : (a) the 
organism must have a specific source of origin; (b) the 
organism should be present in much greater numbers than the 
pathogens concerned; (c) the indicator should not be able to 
proliferate to any great extent in the natural environment; 
(d) the indicator should be equal if not more resistant than 
the pathogens to environmental conditions; and (e) the indi­
cator should possess unique characteristics to allow simple 
and unambiguous identification of the group. Presently, no 
bacterial indicators used conform to all these conditions. 
The reliability of the coliform group as an indicator 
has been questioned extensively. Gallagher and Spino (1968) 
analyzed several streams and rivers, and reported little 
apparent correlation between levels of total coliforms and 
the recovery of Salmonella. Surveys of ground water resulted 
in similar findings (Allen and Geldreich, 1975). In 1965, 
an epidemic of gastroenteritis caused by Salmonella 
typhimurium affected 18,000 people in Riverside, California 
(Boring III et al., 1971). The source of outbreak was an 
unchlorinated community water supply which contained less 
than 2 coliforms/100 ml, a count within the acceptable MPN 
coliform standard (APHA, 1976b). 
On the other extreme, the ability of coliforms to grow 
and multiply in natural aquatic environments has also been 
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documented (Dutka, 1973; Hendricks, 1972). Geldreich (1967) 
reported that, in some instances, coliforms can increase 
by factors of 1 to 2 logs in a few days. Such increase in 
counts would give erroneous impressions of heavy conteuni-
nation, leading to rejection of what otherwise would be 
marginal or acceptable samples. Similarly, some coli­
forms such as Aeromonas spp. were extremely resistant to 
chlorination (McFeters et al., 1974; LeChevallier et al., 
1980). Isolation of high numbers of Aeromonas spp. from 
chlorinated water would suggest contamination but it also 
may have been insignificant due to the poor correlation in 
survival rates between these organisms and pathogens. 
Despite evidence that the coliform group was not re­
liable as an indicator of fecal pollution, it is still used 
as a general sanitary quality indicator (APHA, 1976a)• For 
example, isolation of coliforms from processed foods was 
indicative of poor handling, improper treatment, or post­
processing contamination. 
The use of fecal coliforms or E. coli rather than coli­
forms in general, as an indicator, had the advantage of being 
more specific to fecal origin. They were found in high 
numbers in feces and did not proliferate to any great extent 
in aquatic environments (Geldreich, 1967). Conflicting 
studies existed, however, regarding survival rates of fecal 
coliforms versus pathogens. McFeters et al. (1974) pointed 
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out that a distinct disadvantage of testing for fecal 
coliforms was that they died off at a faster rate than 
some pathogens in water. This was supported by the studies 
of Gallagher and Spino (1968) who showed that little analogy 
existed between the isolation of fecal coliforms and 
salmonellae in water. Contrarily, there were reports that 
E. coli died off at about the same rate as Salmonella and, 
occasionally, were more persistent (Geldreich et al., 1968; 
Jay, 1978). Andrews et al. (1975) showed that, in the 
analysis of seawater and shellfish, the occurrence of 
Salmonella closely paralleled the presence of fecal coli­
forms. Similar findings in streams were reported by 
Geldreich (1967). In the area of food analysis, Buttiaux 
and Mossel (1961) reported that various pathogens may 
persist longer than E. coli in foods processed by freezing 
and by irradiation. E. coli was more resistant, however, than 
most pathogens and certain other indicators to low pH condi­
tions. 
Seemingly, survival of E. coli varied according to the 
environment. More information is needed on the survival of 
this organism under different conditions before its re­
liability as an indicator of fecal pollution can be fully 
established. 
Ease and efficiency of detection were also important 
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criteria when testing for bacterial indicators. Coliform 
and E. coli detection methodologies will be discussed in a 
later subsection. Presently, it is appropriate to examine 
a few major problems often associated with coliform de­
tection; mainly, the aspects of coliform suppression or 
interference, and bacterial injury. 
Interference 
The topic of inhibitory or antagonistic relationships 
among microorganisms has been reviewed by Waksman (1941). 
The occurrence of coliform suppression or interference has 
been reported by Geldreich et al. (1972), Allen and Geldreich 
(1975), and Clark (1980). Several different species and 
strains of bacteria are involved. Antagonistic bacteria 
suppressed or interfered with routine detection procedures 
by either outgrowing the coliforms thereby depleting es­
sential nutrients (Reitler and Seligman, 1957; Geldreich 
et al., 1972), or by elaborating antibiotic-like substances 
(Weaver and Boiter, 1951). Chambers (1950) calculated that, 
on the average, 10^ coliforms/ml were required to produce 
visible gas production. If this concentration of cells could 
not be attained due to suppression, no gas evolution was 
detected, even though coliforms were present. This would 
give an erroneous negative result in sugar fermentation reac­
tions . 
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Strains of Pseudomonas aeruginosa suppress coliforms 
(Havens and Dehler, 1923; Reitler and Seligman, 1957; Hoadley, 
1968). When suspensions of Pseudomonas spp. or other antago­
nistic bacteria were present in a density range of 10,000 
to 20,000 cells/ml, fewer E. coli cells were detected (Hut­
chinson et al., 1943). Weaver and Boiter (1951) reported 
that several antibiotic-producing species of Bacillus 
effectively suppressed or masked coliform detection in 
samples of well water. Inhibition of coliforms by bacteriocin-
like substances produced by Flavobacterium and Moraxella 
species has also been reported (Means and Olson, 1981). Other 
organisms, such as Proteus, Sarcina, Micrococcus,*actino-
mycetes, yeasts, and even some algae, have all been shown to 
interfere with coliform detection (Hutchinson et al., 1943; 
Geldreich et al., 1972; Geldreich, 1973; Brown and McMeekin, 
1977) . The presence of coliform antagonists can reduce the 
accuracy of coliform enumeration procedures by as much as 
28 to 97% (Hutchinson et al., 1943). In fact, coliform 
suppression was suspected to have been the factor for 
low coliform recoveries in water samples that caused the 
1965 Salmonella gastroenteritis outbreak in Riverside, 
California (Geldreich et al., 1972). 
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Bacterial injury 
When bacteria are exposed to treatments such as cold, 
heat, drying, freezing and irradiation, most of the popu­
lation may be killed. Among the surviving cells, however, 
many are injured or stressed (Clark and Ordal, 1969; 
Sinskey and Silverman, 1970; Maxcy, 1973; Ray and Speck, 
1973b). Chemical treatments also sublethally injure 
microbes; for example, chlorination, acidification, food 
preservatives, and disinfectants (Benarde et al., 1967; 
Schuesner et al., 1971; Roth and Keenan, 1971; Prezybylski 
and Witter, 1979) may result in a surviving population that 
is high in the percentage of stressed cells. Characteris­
tically, injured cells showed a prolonged lag phase, in­
creased sensitivity to selective agents, greater suscepti­
bility to antibiotics, and often released cellular components 
into the environment (Busta, 1976; Hurst, 1977; Ray, 1979). 
Injury may be classed into two types, "metabolic" or 
"structural", although both forms of injury may be closely 
interrelated (Ray, 1979). Presently, it is not certain 
whether different treatments caused different injuries, or 
whether all treatments had common target sites (Hurst, 
1977) . 
Structural damage, such as loss of barrier permeability, 
occur in cells injured by freezing (Ray and Speck, 1973b; 
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Prezybylski and Witter, 1979). Frozen cells of E. coli re­
leased amino acids, small molecular weight ribonucleic 
acids, peptides and some periplasmic enzymes into the 
surrounding medium (Busta, 1976; Hurst, 1977) . Leakage of 
cellular material also occur in thermally stressed cells 
of Staphylococcus aureus (landolo and Ordal, 1966). 
Alterations in permeability due to cell wall and cell 
membrane damage would reasonably explain increased sensitivi­
ties of injured cells to selective agents and antibiotics 
(Hurst, 1977) . 
Chlorination, mild-heat, irradiation and freezing-
thawing cause chromosomal damage in the form of single-
strand breaks in bacterial DNA (Bridges et al., 1969; 
Hoyano et al., 1973; Alur and Grecz, 1975). Similarly, 
chlorine-induced lesions occur in Bacillus subtilis (Shih 
and Lederberg, 1976). Pauling and Beck (1975) studied the 
mechanism of heat injury in E. coli and concluded that the 
DNA lesions were not a direct result of the treatment, but 
rather the consequence of modified nuclease activity. 
Exposure of cells to treatments has been known to affect 
enzyme activities; this is known as "metabolic injury" 
(Hurst, 1977; Ray, 1979). Toth and Karelova (1977), for 
example, obtained decreased levels of hexokinase and glucose 
6-phosphate dehydrogenase enzymes in E. coli cells that were 
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exposed to nutritionally deficient environments. Green and 
Stumpf (1946) and McKee et al. (1958) believed that 
chlorine damaged cells by oxidizing sulfhydryl groups of 
enzymes important in carbohydrate metabolism. Aldolase 
specifically was suspected às a target site for chlorine 
action; however. Camper and McFeters (1979) reported no 
difference in aldolase activities between control and 
chlorine-injured cells. Other forms of metabolic injury 
include: defective protein synthesis (Benarde et al., 
1967) , slowdown in the uptake of metabolites (Ccunper euid 
McFeters, 1979) and inhibition of oxidative phosphorylation 
(Venkobachar et al., 1977). 
Organisms which were known to be susceptible to injury 
included S. aureus, fecal streptococci, E. coli, S. ty-
phimurium. Vibrio marinus and some yeasts (Hurst, 1977). 
The practical implications of injured microbes in foods 
has been reviewed by Busta (1976). The importance of in­
jured cells from the standpoint of sanitary microbiology 
lies mainly with the difficulties involved in detecting 
injured cells. Sublethally injured bacteria were very sus­
ceptible to selective media and temperatures commonly used 
for their enumeration; therefore, they were often un­
detected. Under proper conditions, stressed bacteria were 
capable of recovery followed by normal growth, including the 
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ability to produce toxins and to cause illnesses in the cases 
of injured pathogens (Bissonnette etal., 1975; Flowers and 
Ordal, 1979). It is imperative, therefore, for enumeration 
methods to be able to detect the presence of injured bac­
teria. Failure to do so may give a false sense of security, 
but more importantly, may pose a potential health hazard. 
In summary, the coliform group, fecal coliform group 
and E. coli are all used as indicators, although none of the 
groups are perfectly suited. Currently, E. coli is probably 
the best indicator available for fecal contamination because 
of its fecal specificity and its predominance in the feces 
of warm-blooded animal». The major drawback in using 
E. coli as an indicator lies mainly in the methodologies 
used to detect this species. Present methodologies are 
lengthy, laborious, and oftentimes inadequate under situa­
tions of bacterial interference or when injured cells are 
present. Development of a reliable, simple, rapid and more 
specific detection assay would greatly enhance the status 
of E. coli as a fecal indicator. 
Biochemical Characteristics of 
Escherichia coli 
The genus Escherichia is composed of gram-negative, 
motile or nonmotile, rod-shaped bacteria that conform to 
the definition of the family Enterobacteriaceae and the tribe 
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Escherichieae. 
Both acid and gas are produced from a wide variety of 
fermentable carbohydrates, but anaerogenic types also occur 
(Edwards and Ewing, 1972). Importantly, glucose, mannitol, 
and lactose are rapidly fermented, and these sugars are used 
routinely in many detection and isolation media. Fermenta­
tion of lactose with the production of gas is an important 
feature, but fermentation of this sugar with gas evolution 
at elevated temperatures (44-46 C) is a distinguishing 
characteristic. However, about 5% of E. coli strains cannot 
ferment lactose, and another 5% are slow fermenters (Edwards 
and Ewing, 1972). 
The genus Escherichia can be differentiated from other 
members of the Enterobacteriaceae by the IMViC reactions 
(Parr, 1938). Characteristically, Escherichia sp. is indole 
positive, methyl red positive, voges-proskauer negative, 
and citrate negative. Approximately 2% of E. coli strains 
may give negative indole reactions; some (0.4%) slow citrate 
utilizing strains also occur (Edwards and Ewing, 1972). 
The amino acids arginine, lysine, and ornithine are 
decarboxylated by most strains. Many glycosidases are pro­
duced, including 6-galactosidase, a-glucosidase, 8-gluco-
sidase, and 6-glucuronidase. g-xylosidase is not produced 
(Kilian and Bulow, 1976) . All the strains are urease- and 
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oxidase-negative, and usually catalase-positive. The type 
species is Escherichia coli, and presently, it is the only 
species in the genus. 
In the 8th edition of Bergey's Manual of Determinative 
Bacteriology (Buchanan and Gibbons, 1975), the Alkalescence-
Dispar (A-P) group was included in with E. coli. A-P are 
distinguished from E. coli by the absence of gas production 
from the fermentation of glucose, nonmotility, and by the 
delayed or absence of fermentation of lactose. Their 
occurrence is common, and they can be easily mistaken for 
shigellae. A-P are not classed as species, but rather are 
considered biotypes of E. coli that belong to certain 
specific 0-antigen groups (Edwards and Ewing, 1972). 
Coliform Detection Methodologies 
In the United States, the two accepted methods for coli­
form analysis in water and wastewater are the multiple-
tube- fermentât ion method (MPN) and the membrane filter tech­
nique (APHA, 1976b). In food analysis, the MPN method is 
also accepted, as is a direct-plating procedure using 
selective media. Membrane filtration methods have had 
limited application in foods with the exception of quality 
control in soft drinks and other beverages, because the 
membrane pores were easily clogged by food particles (APHA, 
1976a). 
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These procedures have been used routinely for the de­
tection and enumeration of coliforms, fecal coliforms, and 
E. coli. Each method has undergone many changes in the past, 
and probably will continue to be modified to adapt them to 
the different environments examined. 
MPN - Most Probable Number method 
The MPN method is a classical test which has been used 
since the turn of the century. It stemmed mainly from early 
attempts to classify coliforms, where great emphasis was 
placed on carbohydrate fermentation reactions. The sugars 
tested included; glucose, lactose, sucrose, dulcitol, 
raffinose, and mannitol (Geldreich, 1966). The present 
test is based primarily on the ability of the organisms 
to ferment lactose with the production of gas (APHA, 1976b). 
As the name implies, the test uses multiple replicates 
of fermentation tubes inoculated with different dilutions 
of a sample. By examining the number of positive tubes (gas 
production) in each dilution series, an estimate of the 
number of bacteria present was derived by using probability 
formulas (Hoskins, 1933) . Since the estimate is a statistical 
enumeration, it is embodied in confidence limits, which often 
were set to bracket the estimate with a certainty factor of 
95% (APHA, 1967b). The numbers estimated by MPN were usually 
slightly higher than the actual number of bacteria present 
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(McCarthy et al., 1958; APHA, 1976b), but the accuracy may 
be improved by increasing the number of tubes used (McCrady, 
1915). The MPN method has proved to be a valuable enumera­
tion method, especially where low densities of bacteria 
were encountered (APHA, 1976b). 
The MPN method is actually comprised of three separate 
tests. In the presumptive test, a relatively nonselective 
medium is used to screen for the presence of lactose-fer­
menting bacteria. Detection of any trace of gas is con­
sidered a positive presumptive test, and is followed up 
by transfer into a tube of a selective lactose medium in 
which most nonconform bacteria cannot grow. This consti­
tutes the confirmed test for coliforms. In the cases of 
fecal coliforms and E. coli, both selective medium and an 
elevated incubation temperature are used to inhibit non­
conform and nonfecal coliforms (APHA, 1976b). The com­
pleted test involves a streak plate on selective agar from 
the positive confirmed tubes, followed by gram stain and 
reinoculation of a nonselective lactose broth to confirm 
the presence of a gram-negative, nonspore forming bacterium 
that ferments lactose with the production of gas. The IMViC 
reactions (Parr, 1938) are also included in the completed 
test for E. coli. The entire sequence of tests often 
requires over 5 days to complete, and the method is 
laborious (APHA, 1976a). As a result, in most routine 
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analyses, only the presumptive test and sometimes the con­
firmed test are performed. 
Presumptive test Lactose and Lauryl Tryptose broth 
are commonly used for the presumptive MPN test for con­
forms and fecal coliforms. Lactose Broth (LB) has been 
used extensively for many years; however, there are numerous 
reports concerning high incidences of false-positive (gas 
production in the absence of coliforms) and false-negative 
reactions (absence of gas in the presence of coliforms) 
in this medium. 
Thompson (1927) encountered many positive-presumptive 
tubes, which failed to produce growth or gas when materials 
from the original presumptive tube was confirmed (false-
positives) . Further analysis showed that E. coli was 
present, but was inhibited by acidity produced from the 
fermentation of carbohydrates. The addition of phosphate 
buffer to the lactose medium has greatly increased re­
coveries of E. coli (Ruchhoft, 1935; Meadows et al., 1980b). 
Incidences of gas evolution in the absence of con­
firmed coliforms were most common in waters with high 
bacterial densities (Thompson, 1927). Meyer (1918) reported 
that a spore-forming bacillus in water was able to produce 
gas from the fermentation of lactose. This bacterium was 
later found to be prevalent in soils and was identified as a 
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member of the genus Bacillus (Koser and Shinn, 1927) . 
Bacillus spp. are common in water, especially in sediments, 
and continue to be a factor in the occurrence of false-
positive presumptive tests (Hussong et al., 1980; Hussong 
et al., 1981). 
Gas synergism has been another factor contributing to 
false-positive reactions. This phenomenon of symbiotic gas 
production from lactose was first reported by Sears and 
Putnam (1923); strains of Staphylococcus, Streptococcus, 
Proteus, and Pseudomonas were involved. Evidently one 
organism was able to break down lactose; the glucose was 
then fermented by the other bacterium to produce gas. When 
pure cultures of either organism were placed in lactose 
broth, no gas production was detected. These findings 
were later confirmed by Leitch (1925) and Greer and Nyhan 
(1928). 
The problem of false-positive presumptive reactions in 
lactose broth was partially remedied by the addition of 
detergents. Surfactants, such as sodium lauryl sulfate in 
Lauryl Tryptose Broth (LTB), were fairly effective in 
reducing the incidence of false-positive presumptive tests 
(Hussong et al., 1981; PHLS, 1980a). LTB is increasingly 
preferred over lactose broth, and is becoming the medium of 
choice for presumptive coliform MPN analysis (APHA, 1976b). 
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The occurrence of false-negative reactions (presence of 
coliforms without gas production) in the presumptive MPN test 
has also been documented (Ahmed et al., 1964; Burman, 1974; 
Olson, 1978; Hussong et al., 1981). Most often, the false-
negative results were caused by the presence of injured 
cells, or as result of coliform suppression or inter­
ference (Bissonnette et al. , 1975; Hurst, 1977; Evans et al., 
1981b). On rare occasions, they could be caused by the 
presence of anaerogenic strains of E. coli (Anderson 
et al., 1980). 
Braswell and Hoadley (1974) and Olson (1978) reported 
the absence of gas production following exposure of E. coli 
cells to adverse aquatic environments. Olson (1978) specu­
lated that the enzyme formic hydrogenlyase, which pro­
duces and COg gas from formic acid, may be impaired or 
not induced in injured cells. An injury of this nature 
would account for the absence of gas from lattose in the 
presumptive analysis of the MPN test. Similarly, depletion 
of limited available nutrients by competing bacteria 
(Reitler and Seligman, 1957) or production of inhibitory 
substances (Means and Olson, 1981) would prevent gas forma­
tion from the fermentation of lactose by coliforms. Coli­
form suppression was found to contribute significantly 
to the high rates of false-negative presumptive reactions in 
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the MPN analysis of untreated water supplies (Evans et al., 
1981a; Evans et al., 1981b). 
Various suggestions and modifications of the pre­
sumptive test have been reported in attempts to reduce the 
numbers of false-negative reactions. In the case of coli-
form suppression, no suitable alternate method or modifi­
cations of methods that would eliminate interference have 
been reported. Suggestions have been made to increase 
dosages of chlorine in water treatment to reduce background 
bacteria, thereby reducing the chance of interference. On 
a less drastic note, Geldreich et al. (1978) proposed that 
a total bacterial limit be set on samples to insure that 
the results of coliform analysis were accurate and not 
interfered with. So far, no official action has been 
adopted. 
Likewise, in the situation dealing with anaerogenic 
strains of E. coli, no satisfactory enumeration methods 
have been proposed. However, detection assays that used 
characteristics other than the fermentation of lactose 
showed promise. For excunple, detection procedures may be 
based on the activities of enzymes (Trinel and LeClerc, 1972; 
Kilian and Bulow, 1976; Godsey et al., 1981). Presently, 
anaerogenic or nonlactose-fermenting strains comprise only 
5% of the E. coli population (Edwards and Ewing, 1972); 
hence, they are not a major factor in the occurrence of 
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false-negative presumptive MPN analysis. 
Much work has been directed towards improving specific 
coliform detection methods in attempts to maximize the re­
covery of injured bacteria. Some means to modify conven­
tional MPN procedures to detect injured cells have been 
reviewed by Ray (1979) and Hartman (1979). In general, 
all that was required was the incorporation of an initial 
repair phase. Repair could be accomplished in the pre­
sumptive medium itself, by preenrichment in another non­
selective medium, or by the addition of compounds that 
enhanced repair. 
Lactose broth is a satisfactory medium to initiate 
repair. It is nonselective, and chlorine- and thermally-
injured bacteria resuscitate well in this medium (Clark and 
Ordal, 1969; Braswell and Hoadley, 1974). There are, how­
ever, differences in opinion on the ability of Lauryl 
Tryptose Broth (LTB) to rescue injured cells. Ray and 
Speck (1973b) observed a low efficiency of repair of freeze-
in jured E. coli cells in LTB. Apparently, the sodium 
lauryl sulfate in the medium was inhibitory to stressed 
bacteria (Warseck et al., 1973; Olson, 1978; Ray, 1979; 
Rowley et al., 1979). Satisfactory repair of sublethally 
heat-injured bacteria in LTB, however, has been reported 
(Clark and Ordal, 1969). Lin (1973) obtained higher re­
coveries of chlorine-injured bacteria by using LTB and the 
26 
MPN method, as compared to other coliform detection methods. 
In a similar study. Rose et al. (1975) concluded that LTB 
was effective in allowing cell repair; in addition, sul­
fates in the medium neutralized any carryover of chlorine 
residues, thereby, improving the chances for cellular 
repair. Possibly, the efficiency of LTB in rescuing injured 
cells varies with the type of injury. More studies are needed 
on the fate of stressed coliforms in LTB. 
Injured bacteria may also be resuscitated before per­
forming the presumptive MPN test. Ray (1979) suggested a 
method whereby injured coliforms were preincubated in 
trypticase soy broth for 1 to 2 h before inoculation into 
LTB. Increased counts were observed by using this modifi­
cation; although, the addition of an extra step adds to the 
tedium of an already laborious procedure. 
The addition of catalase and/or pyruvate have been 
demonstrated to increase recoveries of heat-injured 
salmonellae and coliforms (Martin et al., 1976; Hartman, 
1979). Heat injury apparently impairs catalase function; 
cell death results due to accumulation of toxic HgOg. Both 
catalase and pyruvate possess H202-degrading activity; 
hence, inclusion of these compounds into presumptive MPN 
media may be an alternative to rescuing heat-injured cells. 
It is quite apparent from the above discussion that the 
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presumptive MPN test is tedious and is subject to a number of 
complicating variables. The MPN procedure is susceptible 
to bacterial interference, questionable ability to rescue 
injured cells and the occurrence of high numbers of false-
positive reactions. These all decrease the accuracy and 
reliability of the test; therefore, all positive presump­
tive results must be followed by a confirmed test (APHA, 
1976b). 
Confirmed test The confirmed MPN test uses a selec­
tive lactose broth to establish the presence of coliform 
indicators. Brilliant Green Bile Broth (BGBB) has been the 
medium most commonly used; it is recommended by the American 
Public Health Association (APHA, 197Gb). BGBB contains bile 
salts and brilliant green dye, both of which are inhibi­
tory to many noncoliform bacteria. BGBB has been effective 
in situations where the presence of coliforms were masked 
by large numbers of competing organisms (Allen et al., 
1976; Geldreich et al., 1978). 
Because of the highly selective nature of BGBB, the 
occurrence of false-positive reactions were rare; however, 
there have been several reports of false-negative reactions 
in this medium. Ruchhoft and Norton (1935) reported that 
on the average, BGBB was only able to detect 75% of the 
coliforms present in a given sample. A comparative study 
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of coliform methods conducted by 15 laboratories in the U.S. 
and Canada supported this finding (Ruchhoft, 1935). The 
absence of gas production in the confirmed tests, despite 
the presence of coliforms, has been attributed to factors 
such as lack of buffering capacity in the medium (Anderson 
et al., 1980), cultivation of anaerogenic strains (Tham and 
Danielsson, 1980) and bacterial interference (Evans et al., 
1981b). However, most often, it was determined to be due 
to the presence of injured cells. Ray and Speck (1973b) 
and Warseck et al. (1973) demonstrated that freeze-injured 
bacteria often do not recover in BGBB. The same has been 
reported for thermally stressed cells (Clark and Ordal, 
1969). Meadows et al. (1980a) examined various components 
of BGBB and found that the bile salts and brilliant green 
dye were toxic to injured bacteria. Stressed cells that 
were exposed to BGBB usually lost their ability to multiply 
or form colonies, even after subsequent transfer onto a non­
selective medium (Ray and Speck, 1973b; Ray, 1979; Tham 
and Danielsson, 1980) . False-negative confirmed MPN tests 
are especially prevalent in chlorinated water samples (Bras-
well and Hoadley, 1974; Evans et al., 1981b). 
In an attempt to reduce the incidence of false-negative 
reactions, lactose ricinoleate broth was tested in England 
as an alternate selective confirmatory medium to BGBB. 
However, false-negative reactions also occur in this medium 
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(PHLS, 1968; Anderson et al., 1980; Meadows et al., 1980a). 
The confirmed MPN test for fecal coliforms or E. coli 
uses a combination of selective medium and elevated incu­
bation temperature. In the U.S., the EC broth developed by 
Perry and Hajna (1933) has been the recommended medium 
(APHA, 1976b). EC broth is a highly buffered medium 
containing lactose; bile salts are added to inhibit non-
coliform bacteria, and incubation at elevated temperature 
is used to exclude nonfecal coliforms. EC broth effectively 
suppress fecal streptococci and greun-positive, spore-forming 
bacteria (Hajna and Perry, 1943). 
When Eijkman developed the concept of distinguishing 
fecal coliforms by using an elevated temperature, 46 C was 
used. At that temperature, most nonfecal coliforms were 
effectively excluded; therefore, the Eijkman test was 
specific. But at the same time, a small percentage of 
fecal coliforms was also inhibited; hence, the Eijkman test 
lacked sensitivity. Lower incubation temperatures, such as 
45.5 C (Perry and Hajna, 1933), 43 C (Vaughn et al., 1951) 
and even 41.5 C (Reasoner et al., 1979), have been tested; 
however, the increases in sensitivity obtained resulted in 
decreases in specificity. More nonfecal as well as fecal 
coliforms were able to grow at the lower temperatures. 
Currently, the accepted temperature used for the incubation 
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of fecal coliforms is 44.5 C (+0.2) (APHA, 1976b), and it 
represented a compromise between acceptable sensitivity and 
specificity. By using EC broth at 44.5 C, about 7% of 
E. coli did not produce gas and were excluded and about 8% 
of nonfecal coliforms were included (Geldreich, 1966). 
Most of the bacteria that gave a negative EC test were 
strains of E. coli variety II; these strains are indole-
negative. 
The occurrence of false-negative reactions in EC broth 
has been reported, and these were attributed to the in­
hibitory effects of the elevated incubation temperature. 
DuFour (1977) found that approximately 12% of E. coli strains 
may be anaerogenic when incubated at 44.5 C. Also, some 
aerogenic strains of E. coli may not produce gas from lactose 
when the cells are injured. Stressed bacteria may be 
extremely sensitive to the 44.5 C thermal shock (Rose et al., 
1975; Meadows et al., 1980a). Preincubation at a lower 
temperature before exposure to 44.5 C often resulted in 
increased recovery. 
Over the years, many alternate media for the recovery of 
fecal coliforms have been reported. One of these is the 
procedure proposed by Andrews and Presnell (1972), using an 
A-1 medium incubated at 44.5 C. A-1 medium contains lactose, 
a surfactant and salicin, a carbohydrate readily used by 
E. coli. This provided an advantage over EC broth by being 
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able to detect nonlactose-fermenting strains of fecal coli-
forms. Hunt and Springer (1978) later modified the method 
by including a 3-h resuscitation period at 35 C before 
exposure to 44.5 C. Several workers have tested the 
efficiency of A-1 medium and modified A-1 medium in com­
parison to EC broth for the recovery of E. coli. Generally, 
from the analysis of seawater and different food samples, 
recovery rates of E. coli on modified A-1 were similar to 
those in EC broth. The lowest recovery was observed with 
A-1 medium (Hunt and Springer, 1978; Miescier et al., 1978; 
Andrews et al., 1979). 
In England, Lauryl Tryptose Mannitol Broth (LTMB) 
has been tested as a confirmatory medium for E. coli (PHLS, 
1980b). LTMB has several desirable features which are not 
found in EC broth. For example, mannitol which can be 
readily used by about 97% of E. coli strains (Edwards and 
Ewing, 1972) was included in LTMB; hence, it could detect 
the presence of nonlactose-fermenting strains of E. coli. 
Also, tryptose is used in the medium; therefore, an indole-
production test could be done in the same tube. No studies 
have been published comparing the efficiency of LTMB versus 
EC broth. 
Other examples of E. coli confirmatory media included 
the use of BGBB at 44 C (Mossel, 1962; Anderson et al., 
1980), LTB incubated directly at 44 C (Fishbein et al.. 
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1967), MacConkey broth used at 44 C (Qadri et al., 1974; 
Rowse, 1981), minerals-modified glutamate medium (PHLS, 
1980a), formate glutamate medium (Kamplemacher et al., 
1976) and many others. Some of these media have been 
tested in comparison to the conventional EC method with 
mixed degrees of success. Few studies have been conducted 
to compare these various confirmatory media to each other. 
The MPN method can be summarized as follows : a 
presumptive test is performed with either lactose or lauryl 
tryptose broth. Positive reactions are confirmed by using 
BGBB and EC broth for coliforms and fecal coliforms, 
respectively. Completed tests are not performed unless the 
identity of the organism was required. The MPN method is 
susceptible to occurrences of false-positive and false-
negative reactions, and it is a laborious and time-consuming 
procedure. 
MF - Membrane Filtration method 
MF techniques for the bacteriological examination of 
water were introduced in the early 1950s as an alternate 
procédure for the enumeration of coliforms (Clark et al., 
1951). Unlike the MPN method which was tedious and time-
consuming, MF analysis could be completed in 24 h without the 
need for further confirmation. The advantages of the MF 
techniques were that large volumes of water could be examined 
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with minimal laboratory manipulations; it was basically a 
plate count, therefore, it was a more accurate procedure 
than the MPN method (McCarthy et al., 1958; Dutka et al., 
1979). Also, it was less susceptible to false-positive 
reactions due to gas synergism or gram-positive lactose 
fermenters because the production of acid, not gas was the 
essential criterion for detection. 
The basic membrane filtration procedure is as follows: 
A volume of sample (which varies with expected bacterial 
density) is filtered through a membrane with a pore 
diameter of 0.45 ym. The membrane is subsequently placed 
on an agar medium or a sterile pad saturated with broth and 
is incubated at the specified temperature. After 24 h, 
typical colonies are counted (APHA, 1976b). 
M-Endo broth was one of the earliest media used for the 
enumeration of coliforms with the MF technique. It is a 
complex buffered lactose medium, which contains basic 
fuchsin dye. Acid production by lactose-fermenting bacteria 
causes color changes in the indicator dye, resulting in the 
formation of red colonies. In a study comparing several 
coliform MF media versus the conventional MPN test, m-Endo 
broth was superior to the other MF media; however, the 
counts were generally lower than those obtained by using 
the MPN method (Slanetz and Hartley, 1955). 
Low recoveries of coliforms by the MF method have also 
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been reported in the analysis of chlorinated sewage ef­
fluents (Shipe and Cameron, 1954; McKee et al., 1958). 
McCarthy et al. (1961) examined the MF procedure; when 
bacteria were localized on the surface of filters, they 
were in an adverse environment, where the cells were 
constantly bathed in a relatively high concentration of 
selective agents and any other toxic material present. 
These compounds may have been only slightly inhibitory to 
healthy coliforms, but they were lethal to injured bacteria. 
Significantly poorer recoveries of injured coliforms have 
been observed with the MF method than with the MPN procedure 
(Hoadley, 1977). Geldreich et al. (1978) speculated that 
the higher recovery efficiency of the MPN method may in 
part be attributed to its liquid environment. Selective 
agents or toxic metabolites would be more efficiently 
dispersed throughout a liquid medium rather than been 
deposited on the filter. Furthermore, liquid media were 
more suitable than solid media for rescuing injured bacteria 
(Ray, 1979). Generally, the detection efficiency of MF 
techniques was only about 27 to 37% of that of the MPN 
method (Presnell, 1974; Allen et al., 1976). 
In an effort to increase the efficiency of MF tech­
niques, McCarthy et al. (1961) introduced the two-step m-Endo 
LES agar method. A membrane containing the sample was first 
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placed on a pad saturated with lauryl tryptose broth and al­
lowed to preenrich for 2 h at 35 C before transferring the 
membrane onto the surface of an m-Endo agar plate. This pro­
cedure was 100% more efficient than m-Endo broth in re­
covering coliforms (McCarthy et al., 1961). In several 
analyses of drinking water and chlorinated sewage ef­
fluent samples, m-Endo LES agar was shown to recover equal 
if not higher numbers of coliforms than the conventional MPN 
technique (McCarthy et al., 1961; Lin, 1973; Bissonnette 
et al., 1977; Lin, 1977). Both m-Endo and m-Endo LES agars 
are currently approved by the American Public Health Associa­
tion (APHA, 1976b). 
The application of MF techniques for the detection and 
enumeration of fecal coliforms was officially accepted by 
the American Public Health Association in 1971 (APHA, 1971) . 
The m-fecal coliform broth (mFC) developed by Geldreich 
et al. (1965) was the recommended medium. It was reported 
to be highly specific for fecal coliforms, and the MF pro­
cedure using mFC broth was purported to be comparable to 
the conventional MPN technique for fecal coliforms (Geldreich 
et al., 1965). The mFC broth is both a selective and dif­
ferential medium, capable of distinguishing between 
lactose-fermenting and nonlactose-fermenting bacteria. 
Selective properties were provided by bile salts, which 
suppressed noncoliform bacteria. Nonfecal coliforms were 
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also excluded by the addition of rcsolic acid and by using 
an elevated incubation temperature of 44.5 C. Recently, 
however, in a study by Presswood and Strong (1978), rosolic 
acid was found to significantly reduce the recovery of fecal 
coliforms. In comparative studies on 200 samples, mFC broth 
without rosolic acid was able to recover 49% more fecal 
coliforms than mFC broth with rosolic acid. No official 
action has yet been adopted and, therefore, rosolic acid 
is still used in mFC broth medium. 
The inefficiency of the MF technique in recovering 
coliforms from chlorinated effluents was demonstrated by 
McKee et al. (1958). Lin (1973) compared mFC medium versus 
the MPN technique for the recovery of fecal coliforms from 
chlorinated samples; the MPN method was consistently superior. 
Braswell and Hoadley (1974) reported that the inadequacy of 
the mFC procedure was largely attributable to the presence 
of chlorine-injured fecal coliforms. The injured cells were 
extremely sensitive to selective agents in the medium and 
to the elevated incubation temperature (Meadows et al., 
1980a). Several modifications of the mFC procedure have 
been suggested to improve recovery rates, and the simplest 
and probably the best method was the two-layer agar pro­
cedure proposed by Rose et al. (1975). A base of mFC 
agar was prepared and overlayed with a thin layer of lactose 
agar (lactose broth containing 1.5% agar) prior to use. 
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Membrane filters were placed directly on the lactose medium 
and allowed to preenrich for 2 h at 35 C before increasing 
the temperature to 44.5% C. The principle was based on 
the idea that injured cells could repair in the lactose 
medium at the lower temperature before selective ingredients 
in the base layer diffused into the lactose agar to form a 
selective environment. A comparative study was conducted 
by using 61 water samples; the two-layer mFC method re­
covered 93% more fecal coliforms than the mFC one-step 
procedure (Rose et al., 1975). More recently, Green et al. 
(1980) reported that preincubation for 5 h at 35 C was 
superior to the 2-h enrichment period. Fecal coliform 
counts obtained by using the 5-h preincubation period method 
were often within the 95% confidence limits of the MPN 
estimate in the analysis of chlorinated sewage effluents. 
With the increasing use of MF techniques for the 
analysis of water quality, production of membrane filters 
has grown to be a sizable industry. Filters most commonly 
used were made of nitrocellulose or cellulose acetate be­
cause of the consistent porosity which could be attained 
with these materials. Major manufacturers include the 
Millipore Corporation, Gelman, Sartorious and others. 
Password and Brown (1973) reported an interesting observa­
tion; relatively large discrepancies in counts could result 
when different brands of filters were used. Fecal coliform 
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densities obtained with the mFC medium varied from 10 to 
60%, depending on the brand (Hufham, 1974). Since the 
cellulosic materials used were the same, differences in 
additives such as wetting agents, inks used for grid markings 
and mode of sterilization were speculated to be major 
factors in the discrepancy. Dutka et al. (1974) studied 
the possible effect of ethylene-oxide residues on filters 
by comparing the coliform recovery efficiencies of auto­
clave, versus ethylene oxide-sterilized filters. Although 9% 
lower recovery was observed on the gas-sterilized filters, 
this figure did not account for the large discrepancies. 
In a detailed analysis of membrane filters, Sladek et al. 
(1975) concluded that the only factor which significantly 
affected recovery rate was the variation in filter pore 
morphology. Presumably, all the membranes had a retention 
pore size of 0.45 ym, but the surface opening diameter 
varied from 1 to 2 ym. Differences in pore opening were 
suspected to affect availability of nutrients and hence 
recovery rates. 
One final aspect about MF techniques that should be 
mentioned is the development of the Hydrophobic-Grid-
Membrane-Filter (HGMF). Enumeration of indicator bacteria 
by using MF procedures had limitations as to the number of 
bacterial colonies countable on each filter membrane. High 
39 
bacterial densities caused colonies to overlap each other, 
resulting in inaccurate counts or noncountable membranes. 
Currently, for the sake of accuracy and reliability, the 
APHA has recommended an upper limit of 80 colonies per 
filter when using m-Endo medium and 60 for mFC medium 
(APHA, 1976b). Therefore, when analyzing samples with 
unknown bacterial densities, it is often necessary to 
serially dilute the saunple, then examine each dilution 
individually to obtain an accurate countable sample. This 
not only increased labor and material, but also increased 
chances for errors. 
Sharpe and Michaud (1974) introduced a new type of 
membrane (HGMF). Wax grids were printed on a conventional 
membrane, forming thousands of individual growth compart­
ments. The wax grids not only restrained lateral spread 
and confluence of colonies, but also eliminated the need 
for serial dilution because each filter contained over 3000 
compartments. Therefore, a wider counting range was possible. 
When the HGMF and conventional filters were tested by using 
mFC medium, more accurate results were consistently ob­
tained with the HGMF (Sharpe and Michaud, 1975). 
The feasibility of using HGMF in food analysis was also 
examined by Sharpe et al. (1978). In the past, MF tech­
niques have had little application in foods because the con­
ventional filters had very limited counting ranges. Also, 
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food particles tended to clog the membrane or interfere 
with counting. Sharpe et al. (1979) exêunined several food 
products and reported that the HGMF system was comparable 
to the standard plate count in enumerating bacteria. How­
ever, when using the HGMF, sequential dilutions of the 
sample could be eliminated or reduced, thereby decreasing 
the amount of labor. It was also found that inclusion of a 
coarse filtration step or a gentle rinse of the membrane 
often removed food particle debris without significantly 
affecting bacterial recovery. 
The simplicity and accuracy of the HGMF system makes 
it an attractive option for bacterial analysis in food and 
water, and therefore, warrants further investigation. 
DP - Direct Plating Method 
Plate count procedures were used as early as 1892 by 
Sternberg to analyze the microbiological quality of water. 
High degrees of accuracy and reproducibility have generally 
been associated with this method, and it has been a standard 
tool in microbiology for many years. 
With the advent of coliforms as indicators of fecal 
pollution, the idea of an accurate, selective plate count 
procedure became appealing as an alternative to the MPN assay 
which was based entirely on statistical estimations. MPN 
methods have been known to consistently overestimate the 
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true numbers of bacteria. MPN methods also lacked the 
reproducibility of a direct colony counting procedure 
(McCarthy et al., 1958). 
One direct plating method developed to detect con­
forms was the pour plate procedure using Violet Red Bile 
Agar (VRBA). Although VRBA was used mostly in dairy 
microbiology to monitor proper processing or pasteurization 
of milk and cream products, it has also found practical 
applications in food analysis. VRBA contains lactose; 
crystal violet dye and bile salts are included to select 
against gram-positive bacteria. VRBA also contains 
neutral red pH indicator to differentiate between lactose-
fermenting and nonlactose-fermenting bacteria. VRBA was 
originally not recommended to be autoclave-sterilized; 
however, Hartman (1958) found that the productivities of 
boiled VRBA and of autoclaved VRBA were equally satis­
factory for the recovery of coliforms. The VRBA pour 
plate assay has been reported to be comparable to the con­
ventional MPN method when either lactose or lauryl tryptose 
broths are used for the detection of coliforms in frozen 
meat products (Fanelli and Ayres, 1959). 
When enumerating coliforms on VRBA, the American 
Public Health Association (APHA) has recommended counting 
all purplish red colonies, 0.5 mm in diameter or larger and 
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surrounded by a zone of precipitated bile (APHA, 1967) . 
Hartman (1960) reported that the criterion of colony size 
was inaccurate because many coliform colonies did not 
attain 0.5 mm, while many noncoliforms could easily form 
colonies that size and larger. Rosen and Levin (1970a) 
found that VRBA was ineffective in detecting coliforms in 
raw oysters because it allowed nonselective development of 
many gram-negative noncoliforms. Organisms of the genus 
Vibrio mimicked E. coli on VRBA plates and were easily 
confused for coliforms (Rosen and Levin, 1970b). Currently, 
in the analysis of foods and dairy products, coliform-like 
colonies on VRBA must be inoculated into tubes of brilliant 
green bile broth in order to be confirmed as coliforms 
(APHA, 1976a; Tham and Danielsson, 1980) . 
The inhibitory effects of VRBA on injured coliforms 
has been well-documented. E. coli cells often failed to 
grow on VRBA after exposure to chlorine (Scheusner et al., 
1971), acids (Roth and Keenan, 1971), freezing (Ray and 
Speck, 1973b; Warseck et al., 1973), or irradiation 
(Maxcy, 1973). The existence of naturally occurring, VRBA-
sensitive coliform strains has also been reported (Maxcy, 
1973); on the average, only 71% of the coliforms present 
were enumerated on VRBA. Ray and Speck (1973a) reported 
that coliform enumeration methods which used solid media. 
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such as the pour plate procedure, consistently gave lower 
recovery rates than methods using liquid media. It was 
determined that the volume of inoculum, medium used and 
the temperature of the medium often affected coliform re­
covery. For excunple, an increase of 3 C in the temperature 
of the molten VRBA reduced the recovery of cells from 18 
to 40% (Ray and Speck, 1973a). 
Several modifications of the direct plating procedure 
have been introduced to improve the efficiency of the VRBA 
method. For the recovery of injured bacteria. Speck et al. 
(1975) proposed a method whereby cells were first surface-
plated on a Trypticase Soy Agar (TSA) base and incubated 
for 1 to 2 h at 35 C before overlaying with an equal volume 
of VRBA. A similar procedure, suggested by Hartman et al. 
(1975), used pour plates with a specially formulated non­
selective agar base (later replaced by Tryptone Glucose 
Extract Agar; TGEA), followed by an overlay with VRB-2 
agar. VRB-2 agar contained double the usual concentration 
of bile salts, neutral red and crystal violet, to compensate 
for the diffusion and dilution of selective ingredients. 
Both modified methods have been reported to give yields of 
100% or greater compared to the standard VRBA method in the 
analysis of water and dairy products (Hartman et al., 1975; 
Ray and Speck, 1978). 
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Several variables which should be carefully considered 
when using direct plating methods include; (a) plating 
methods (pour versus surface plating), (b) base agar medium 
(TSA versus TGEA), (c) strength of the VRBA overlay, (d) 
preincubation temperature, and (e) volume ratio of base 
agar versus overlay medium (Hartman, 1979). All these 
factors have been shown to affect the recovery rate of 
coliforms. 
Currently, VRBA, brilliant green bile agar, and desoxy-
cholate agar are accepted by the APHA for the analysis of 
coliforms in foods (APHA, 1976a). 
Direct plating procedures have also been adapted for 
the detection of E. coli. Anderson and Baird-Parker 
(1975) introduced a procedure whereby food homogenates were 
surface-plated directly on a filter membrane which was on a 
plate of Tryptone Bile Agar (TBA). After incubating over­
night at 44.5 C, the filter was removed and saturated 
with Kovac's reagent; indole-positive colonies were enu­
merated as E. coli. Although this method was reported to 
be comparable to the MPN test, the direct shock at 44.5 C 
was detrimental to debilitated cells. For instance, 
Dutka et al. (1979) reported that after direct exposure of 
E. coli cells to 44.5 C only 22 to 58% of the cells formed 
colonies on agar plates. Rayman et al. (1979) later in­
corporated a resuscitation step into the Anderson-Baird-
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Parker procedure; the inoculated filter was incubated on a 
TSA plate for 4 h at 35 C before transferring the membrane 
onto TEA and incubating at the higher temperature. This 
modified method was superior to the conventional MPN test 
in detecting fecal coliforms (Rayman and Aris, 1981). 
Another plating method to detect E. coli was intro­
duced by Klein and Fung (1976). In this assay, samples 
were plated in TSA and preincubated for 2 h at 35 C. The 
plates were subsequently overlaid with VRBA and incubated 
at 44.5 C. Any typical coliform colonies were transferred 
onto agar plates and analyzed for IMViC reactions for con­
firmation as E. coli. The total analysis time was 72 h. 
In summary, after examining the major coliform and 
E. coli detection methods (MPN, MF, DP) as well as some 
of the modifications of those methods, the confusion which 
exists in present coliform detection methodologies becomes 
quite apparent. This problem is further complicated by the 
scarcity of comparisons of new or modified methods. It is 
evident that no suitable detection assay exists which is 
simple, specific, and rapid. When simplicity and rapidity 
were achieved, it was usually at the expense of specificity 
and accuracy. In contrast, specificity was attained only 
by increasing complexity and sacrificing rapidity of the 
assay. In the following sections, several new detection 
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methods will be described. These deviate from the con­
ventional parameters used for identification and enumera­
tion, and they could become the rapid, efficient coliform 
detection procedures that investigators have searched for. 
Other Methods of Coliform 
Detection 
In the past several years, many new assays have been 
introduced to rapidly detect coliforms and E. coli. However, 
most of these methods were simple modifications of the con­
ventional procedures. For example, the Presence-Absence test 
of Clark (1968) and the 18-h fecal coliform assay of Munoz 
and Silverman (1979) were modifications of the basic MPN 
procedure. Similarly, the rapid, 7-h fecal coliform test 
introduced by Reasoner et al. (1979) was essentially a 
membrane filtration technique. Sophisticated technologies 
and instrumentations have been utilized for other assays; 
however, these tests were still based on the old concepts 
of carbohydrate fermentation, which were not very reliable. 
For instance, a radiometric assay for coliforms was de-
14 
veloped whereby the release of CO2 from the metabolism of 
14 C-lactose was monitored by a scintillation counter 
(Bachrach and Bachrach, 1974). Along the same line, Newman 
and O'Brian (1975) and Coloe (1978) used gas chromatog­
raphy to assay for ethanol produced from the fermentation of 
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carbohydrates by coliforms. Although these methods were 
usually very sensitive, they were not specific because many 
bacteria other than coliforms were able to utilize the same 
carbohydrates. 
Recently, some new ideas in coliform detection have 
been introduced, and one of these, the impedimetric method 
has received considerable attention. Impedance techniques 
have been used in clinical microbiology for the analysis of 
blood and urine scunples. The assay was based on the fact 
that when cells grew in a medium, they caused changes in 
the chemical composition because of the nutrients consumed 
and metabolites produced. These changes in the medium compo­
sition were associated with changes in impedance or con­
ductivity of the medium; therefore, by measuring changes 
in electrical current, the density of the organism present 
could be estimated (Cady et al., 1978). Silverman and 
Munoz (1979) used EC medium incubated at 44.5 C and devised 
an automated impedimetric technique for fecal coliforms; 
electrical resistance of the medium was automatically 
measured and the results were processed by a computer. The 
system detected the presence of one initial E. coli cell in 
12 h; thus, the method provided both sensitivity and rapid 
availability of results. Impedimetric methods have also 
been tested in food analysis with a moderate degree of success 
(Martins and Selby, 1980). With the inclusion of a 3-h 
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resuscitation period in nonselective medium, it was also 
shown to be satisfactory in detecting freeze-injured 
E. coli cells (Rowley et al., 1979). 
Despite the efficiency of impedimetric assays, the 
initial cost of the system and expense of the assay modules 
are disadvantages. As it is with most detection methods 
which require complex instrumentations and computers, they 
have had limited use in field studies or in quick routine 
analyses of fecal pollution. 
The application of Limulus amoebocyte lysate assays 
to coliform detection have been examined by many workers. 
The test was originally developed by Levin and Bang 
(1968) who observed that the in vitro coagulation of 
Limulus polyphemus (horseshoe crab) amoebocytes was mediated 
by gram-negative bacterial endotoxins. Although the mechanism 
of gelation is not fully understood, it was suspected to be 
caused by an enzymatic reaction between the bacterial lipo-
polysaccharide and clottable proteins found in Limulus 
(Levin and Bang, 1968). Detection systems were later modi­
fied so that turbidity, rather than clot formation, was 
measured. This enabled quantitation of endotoxin levels 
spectrophotometrically within a few hours (Evans et al., 
1978). The Limulus lysate method was used by Evans et al. 
(1978) to measure the endotoxin content in stream water; 
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toxin levels accurately reflected the degree of bacterial 
contamination. This assay was a poor estimator of viable 
count, however, because both viable and nonviable cells 
clotted the lysate (Jorgensen et al., 1979). Also, viral 
RNA reportedly reacts with Limulus lysate, giving false-
positive reactions (Evans et al., 1978). Although this 
assay has not yet been established to adequately detect 
coliform bacteria, the simplicity, low cost and quick 
availability of results makes it an attractive possibility 
as a coliform detection method. 
The concept of using enzyme profiles to identify 
bacteria has been tested by many workers. Enzymatic 
assays offered distinct advantages over other methods by 
being highly specific and sensitive. Since extensive 
microbial growth was often not required for identification, 
the assays were also very rapid. 
In the family Enterobacteriaceae, one of the enzymes 
most commonly tested was B-galactosidase. Warren et al. 
(1978) used the chromogenic substrate O-nitrophenyl-6-D-
galactoside (ONPG) and developed a rapid test for fecal 
coliforms. The assay was a modification of the membrane 
filtration technique. A membrane filter that had been 
inoculated with a sample was first incubated in EC broth at 
37 C and then was transferred onto ONPG at 44.5 C and checked 
for color development. The ONPG test was specific, sensitive 
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and rapid; the presence of one viable cell/ml could be de­
tected within 20 h. Cundell et al. (1980) introduced 
another method to assay for B-galactosidase activity in 
E. coli and the test required only 1 h for identification 
when heavy cell suspensions were used. In this method, 
overnight cultures of E. coli were harvested by centrifu-
gation and induced for 8-galactosidase activity by using 
thio-6-D-galactoside. Induced cells were then mixed with 
fluorescein-di-(6-D-galactopyranoside), a fluorogenic 
substrate, and dispersed onto a silicone oiled slide, 
forming microdroplets of cells with the substrate. The 
slide was incubated for 1 h and checked for fluorescent 
spots by using a fluorescent microscope. The method was 
quick and sensitive; however, it was not as efficient as the 
MPN method in recovering coliforms (Cundell et al., 1980). 
Another enzyme that has attracted some attention is 
glutamate decarboxylase (GAD), which specifically cleaves 
glutamic acid to release COg and y-amino butyric acid. 
This enzyme is found in E. coli, Proteus mirabilis. Shigella, 
Providencia, Bacteroides, and some Clostridium species 
(Frier et al., 1976). A rapid detection method for E. coli 
was developed by Trinel and LeClerc (1972); GAD activity was 
detected by the release of CO^ from glutamic acid. GAD 
assays for E. coli have been tested in the analysis of 
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water (Witter et al., 1976), and milk (Moran and Witter, 
1976) with moderate degrees of success. By using an Auto 
Analyzer, a completely automated GAD detection system was 
developed by Trinel et al. (1980). This system could 
detect the presence of one original E. coli within 13 h. 
In our laboratory, we attempted to modify a simple 
glutamate decarboxylase test (Schreckenberger et al., 1978) 
by using an acid-base indicator to monitor the pH change 
which occurred as a result of GAD activity. Due to the 
highly sensitive nature of the indicator to minor pH fluctua­
tions, however, no consistent results were obtained. 
Kilian and Bulow (1976) used the chromogenic substrate, 
nitrophenyl glucopyranoside to assay for 5 glycosidase 
enzymes in the family Enterobacteriaceae. Among the 
enzymes, 6-glucuronidase (GUD) was specific for the genus 
Escherichia. In fact, approximately 97% of the E. coli 
tested produced GUD. In view of the specificity and the 
high frequency of GUD-positive E. coli strains, detection 
for this enzyme was an ideal criterion to develop rapid 
identification methods for E. coli. 
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6-glucuronidase 
The enzyme 6-glucuronidase (E.G. 3.2.1.31) has been 
extensively studied in the mammalian system. It is widely 
distributed in the animal body, and is often contained in 
lysosomes and microsomes in the tissue (Glaser emd Conrad, 
1979). The enzyme has been reported to be under endocrine 
control and was shown to play a primary role in the catabol-
ism of mucopolysaccharides (Lewy, 1956; Glaser and Conrad, 
1979). GUD has also been found in low levels in plants 
(Levvy and Marsh, 1959). 
The possibility that bacteria may possess GUD was 
discovered serendipitously during the study of mammalian 
detoxification mechanisms. Patterson (1937) observed that 
glucuronide conjugates, which were formed as a result of 
the body's natural detoxification mechanism, were often 
broken down in the urine. Bucher and Geschickter (1940) 
provided supporting evidence when they reported that the 
release of pregnanediol from pregnanediol glucuronide in 
the urine was caused by a foreign factor, possibly of 
bacterial origin. Sterile or heat-treated urine samples 
did not possess glucuronidase. In 1949, Buehler et al. 
confirmed that bacteria possessed this enzyme when they 
demonstrated strong GUD activities in E. coli and two 
species of Corynebacterium. This enzyme has subsequently 
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been found in several*other bacteria, such as Streptococcus 
mitis, Streptococcus salivarius (Schultz-Haudt and Scherp, 
1960), 1.2% of Streptococcus pyogenes (Robinson et al., 
1952), 3.7% of coagulase-positive Staphylococcus spp. 
(Barber et al., 1951), Bacteroides (Dahlen and Linde, 
1973), Shigella (Kilian and Bulow, 1976) and Salmonella 
(LeMinor, 1979) . 
The GUD in E. coli was reported to be an extracellular 
and adaptive enzyme (Lewy and Marsh, 1959), inducible by com­
pounds such as borneol glucuronide (Beall and Grant, 1952), 
menthyl glucuronide and others (Buehler et al., 1949; 
Buehler et al., 1951; Lewy and Marsh, 1959). The amount of 
enzyme produced varied, however, depending on the inducer 
used and on the strain of E. coli (Smith and Mills, 1950; 
Beall and Grant, 1952). GUD substrates included 6-glucuro-
nides of oestriol, testestarone, pregnaediol, cortico-
steriods, and many others (Fishman, 1965). It's activity 
has been found to be strictly hydrolytic, and the specific 
site of action was the glucuronosyl-0 bond of glucuronide 
conjugates (Lewy, 1956; Lewy and Marsh, 1960). The opti­
mum conditions for hydrolysis by GUD enzymes from most 
sources are pH 6.2 at 25 C (Buehler et al., 1949; Buehler 
et al., 1951; Lewy and Marsh, 1959). A second pH optimum 
at 7.5 was found for E. coli GUD (Fishman, 1965). The 
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activity of the enzyme was decreased in high ionic strength 
solutions (Kushinsky et al., 1967), was partially inhibited 
by NH^Cl (Buehler et al., 1951) and was completely in­
hibited by Hg^^,and Ag^^ ions (Doyle et al., 1955). 
The role of GUD in bacteria is not certain. However, 
at least in the case of E. coli which could utilize glucu­
ronic acid as a sole carbon source, GUD may be essential 
in cleaving glucuronides to release glucuronate (Novel 
et al., 1974). Ashwell (1962) reported that E. coli cells 
could process glucuronate via the hexouronate pathway to 
obtain pyruvate and 3-phosphoglyceraldehyde. 
In early studi^es, GUD activities were measured by 
titrating the glucuronic acid released upon the hydrolysis 
of glucuronides. This method was later replaced by a more 
sensitive assay in which the chromogenic substrate, phenol-
phthalein glucuronide (PG) was used (Talay et al., 1946). 
Fishman et al. (1948) then developed a chromogenic GUD 
assay which is still the accepted standard to quantitate 
GUD activity. 
Aside from PG, other chromogenic substrates have also 
been tested. LeMinor (1979) used p-nitrophenyl glucuronide 
to examine for GUD activities in salmonellae. This com­
pound was reported to be equally as efficient as PG; how­
ever, GUD had a higher affinity far it than for PG (Szasz, 
1967). Another substrate, 4-nitrophenyl-g-D-glucopyrano-
siduronic acid, was used by Kilian and Bulow (1979); it was 
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incorporated into an agar medium selective for E. coli. 
This medium was tested on urine samples and colonies of 
E. coli could be detected even when they were present in 
mixed cultures. 
The idea of using a fluorogenic substrate to assay for 
GUD activity probably originated from the work of Mead et al. 
(1954). They observed that two fluorogenic coumarin deriva­
tives, umbelliferone (7-hydroxy coumarin) and 4-methyl-
umbelliferone (7-hydroxy-4-methyl coumarin) could be con­
jugated to glucuronic acid to form stable, nonfluorescent 
glucuronides: 
COOH 
/ 
OH 
GLUCURONIC ACID 4- METHYLUMBELLIFERON E 
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When these compounds were exposed to GUD, the enzyme hydro­
xy zed the glucuronosyl-0 bonds, releasing end products 
that were visible under longwave UV light. This assay was 
several times more sensitive than Fishman's PG assay (Mead 
et al., 1954) . 
Coumarin is a readily available compound because it 
is a natural constituent of plants. It was used extensively 
as a flavoring agent; however, this application was dis­
continued when hepatotoxic effects were found in animals. 
No such toxicity has been shown in man (Schilling et al., 
1969). Mead et al. (1955) took advantage of mammalian 
detoxification mechanisms. They fed 4-methylumbelliferone 
to rabbits at level of 0.2 g/kg body weight; approximately 
50% was excreted in the urine as 4-methylumbelliferone 
glucuronide (MUG). The compound could be recovered easily 
from the urine and crystallized. MUG (C^gH^gOg) was later 
synthesized chemically by Marsh and Levvy (1956). 
Goodwin and Kavanagh (1950) reported that there were 
over 98 different coumarin derivatives, most of which seem 
to be fluorogenic. Although many of these derivatives may 
be conjugated and used to assay for GUD activity, MUG ap­
pears to be the preferred substrate. This compound was stable, 
and it was inexpensive to make and more easily isolated than 
other coumarin derivatives (Mead et al., 1954). The 4-methyl-
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umbelliferone radical absorbs maximally at an activation 
wavelength of about 360 nm, and the fluorescence emitted 
is in the proximity of 450 nm. The optimum wavelengths 
differ somewhat, depending on the pH of the medium or 
buffer used (Goodwin and Kavanagh, 1950) . Greenberg (1966) 
compared MUG with 2-naphthyl 0-D-glucuronide, another 
fluorogenic compound, and found that MUG elicited a more 
intense fluorescence. Umbelliferone was reported to be the 
most fluorescent coumarin derivative; however, the maximum 
fluorescence of 4-methylumbelliferone was twice that of 
umbelliferone (Goodwin and Kavanagh, 1950) . 
In the past decade, 4-methylumbelliferone conjugates 
have been used to assay for many enzymes. They were used to 
study enzyme profiles in Mycobacterium (Grange and Clark, 
1977), mycoplasmas (Bradbury, 1977), and yeasts (Bobey and 
Ederer, 1981) . 4-methylumbelliferone was also coupled to 
galactosides to assay for 6-galactosidase activity (Creme 
and Leaback, 1980) . These authors reported that the 
sensitivity attained with the fluorogenic assays was many 
times that of chromogenic substrates or other procedures 
routinely used for enzyme analysis. 
For the detection of GUD activity, Dahlen and Linde 
(1973) used MUG in a nonselective agar medium. Maddock and 
Greenan (1975) devised a filter paper method; colonies of 
E. coli were applied directly to a filter, and then the 
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filter was immersed in a solution of MUG to obtain a rapid 
identification. Moreover, a partial enzyme profile of the 
organisms in the family Enterobacteriaceae was prepared by 
Godsey et al. (1981); 18 different methylumbelliferone 
conjugated substrates were used. 
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MATERIALS AND METHODS 
Stock Cultures and Media 
Most of the bacterial cultures were obtained from Dr. 
Paul A. Hartman, Department of Microbiology, Iowa State Uni­
versity, Ames, lA. E. coli isolated from dairy products and 
10 enterotoxigenic strains of E. coli were kindly provided 
by Dr. Bonita Glatz, Department of Food Technology, Iowa 
State University, Ames lA. Four Enterobacter agglomerans 
cultures were supplied by Dr. M. A. Goshko, Department of 
Biological Sciences, Drexel University, Philadelphia, PA. 
All media were commercial products obtained from Difco 
Laboratories (Detroit, MI). The substrate, 4-methyl-
umbelliferone glucuronide (MUG) was purchased from Sigma 
Chemical Co. (St. Louis, MO). MUG is practically insoluble 
in cold water; however, the solubility increases with 
temperature (Windholz et al., 1976). Therefore, the substrate 
was usually dissolved by stirring for about 10 minutes while 
the beaker was held in a 50 C waterbath. MUG may be 
sterilized by filtration or in an autoclave before use. 
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Specificity Studies 
Kilian and Bulow (1976) and Godsey et al. (1981) examined 
a large number of Enterobacteriaceae for GUD activity and re­
ported that the enzyme was specific for E. coli and Shigella 
spp. The present study was set up to reconfirm those 
findings. 
The MUG agar medium formulated by Dahlen and Linde 
(1973) was used. It contained: tryptose, 20 g; NaCl, 5 g; 
cysteine-hydrochloride, 1 g; noble agar, 15 g; and dis­
tilled HgO, 1000 ml. The substrate, MUG, was used at a 
final concentration of 100 pg/ml; it was sterilized by filtra­
tion and added after the basal medium had been sterilized 
and cooled. The tempered agar was then dispensed into 
wells of a microtitration plate. To assay for GUD activity, 
growth from overnight slant cultures of the Enterobacteriaceae 
to be tested were stabbed into individual wells, and the 
plate was sealed with Microtiter plate tape to prevent cross-
contamination between wellu. The plate was held at 35 C 
and examined for the appearance of fluorescence under long­
wave UV light (Blacklight blue, Westinghouse). 
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Applications of MUG 
Several methods to detect for GUD have been introduced; 
however, most of these methods relied upon the use of 
specially formulated media (Dahlen and Linde, 1973; Kilian 
and Bulow, 1979) . The possibility of using MUG directly 
in conventional coliform media was examined. 
With the membrane filtration-m Endo broth technique, 
the selective broth was prepared as specified by the manu­
facturer. Prior to use, 100 yg/ml of MUG was incorporated 
into the broth medium. Then, 2 ml of the medium was dis­
pensed onto each sterile paper pad. A membrane filter 
containing a mixed inoculum of E. coli and E. aerogenes 
cells was then laid on top of the medium-saturated pad 
and incubated overnight at 35 C. 
The application of MUG in a direct plating procedure 
was examined by using the VRB-2 agar overlay method (Hartman 
et al., 1975). Overnight Trypticase Soy Broth (TSB) 
cultures of E. coli and E. aerogenes were mixed and diluted 
in 9-ml blanks of phosphate buffered saline (PBS; NaCl, 
8.5 g; NagHPO^, 1.02 g; NaH^PO^-H^O, 0.386 g; distilled 
H2O, 1000 ml, pH 7.2). One-ml aliquots were plated in 10 ml 
of molten, tempered Trypticase Soy Agar (TSA) and the plates 
were incubated at 35 C for 2 h. After the preenrichment 
period, the base agar was overlayed with 10 ml of tempered 
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VRB-2 agar which contained 200 ug/ml of MUG. The plate 
was reincubated at 35 C and examined under UV light after 
24 h. 
In the Most Probable Number (MPN) method, MUG was 
incorporated into the presumptive medium. Appropriate con­
centrations of MUG were dissolved in warm water and mixed 
with Lauryl Tryptose Broth (LTB) to obtain a final sub­
strate concentration of 100 yg/ml. The LTB-MUG medium was 
then dispensed into tubes containing Durham vials and the 
tubes were sterilized in an autoclave. Comparisons of LTB-
MUG medium and normal LTB medium were made by inoculating 
duplicate sets of each medium with 0.1 ml of an overnight 
culture of E. coli grown in TSB. All tubes were incubated 
at 35 C and examined after 24 h. 
MUG was also incorporated into these other enteric 
media; Bismuth Sulfite Agar, Eosin Methylene Blue (EMB) 
Agar, MacConkey Agar, Salmonella-Shigella (SS) Agar, 
Brilliant Green (BG) Agar, Xylose Lysine Desoxycholate (XLD) 
Agar, EC Broth,and Brilliant Green Bile (BGB) Broth, to 
determine whether any component in the medium might affect 
or interfere with the fluorescence emitted as a result of 
GUD activity. 
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Water Analysis 
The fecal coliform or E. coli detection efficiency of 
the LTB-MUG and the VRB-2-MUG media were tested by using 10 
water samples obtained from the Des Moines River, Skunk 
River, and College Creek. In addition, samples were ob­
tained from the Ames Wastewater Treatment Plant. The 
samples were stored at 4 C, and analyzed within 24 h. 
Water and sewage effluent samples are microbiologically 
stable at low temperatures for at least 24 h (Standrige and 
Lesar, 1977; Dutka and El-Shaarawi, 1980). 
For MPN analyses, using LTB-MUG medium, water samples 
were mixed thoroughly and diluted to extinction in 9-ml PBS 
blanks; 0.1-ml aliquots were used to inoculate LTB-MUG 
medium. Each assay was set up as a 5-tube MPN assay in 
triplicate (15 tubes/dilution). After the tubes had been 
incubated at 35 C for 24 h and for 48 h, total coliform 
(gas production) and fecal coliform (fluorescence) counts 
were determined. All tubes that showed gas only, gas and 
fluorescence, and fluorescence only were subcultured into 
EC Broth and incubated at 45 C to confirm the presence of 
fecal coliforms. 
For the VRB-2 MUG overlay method, each water sample 
was diluted in PBS; 1-ml aliquots were plated in triplicate 
in 10 ml of TSA and preenriched for 2 h at 35 C. The base 
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agar was then overlayed with 10 ml of VRB-2-MUG medium and 
incubated at 35 C. Each plate was examined for total coli­
forms, then was exposed to UV light to obtain a fecal 
coliform count. 
A comparative fecal coliform count for each water 
sample was also obtained by using the standard membrane 
filter mFC Broth method with incubation at 45 C. 
The total viable bacterial content of each sample 
was obtained by surface plating on Tryptone Glucose Extract 
Agar (TGEA) plates. 
Food and Milk Analysis 
The efficiency of LTB-MUG medium in detecting fecal 
coliforms was also tested by using raw milk and several other 
food products. Ground beef, chicken giblets and frozen 
broccoli were purchased from local retail markets in Ames, 
Iowa. Raw milk samples were collected from the Iowa State 
University Dairy Farm, Ames, Iowa. Three separate samples 
of milk and of each food category were analyzed with the 
5-tube MPN assay, in triplicate, by using LTB-MUG medium. 
The food samples were prepared as described in the 
Compendium of Methods for the Microbiological Examination 
of Foods (APHA, 1976a). Each 25-g saunple of food was placed 
in a sterile Waring Blendor container with 225 ml of sterile 
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0.1% peptone water and homogenized for 2 minutes at high 
speed. After a homogenate had settled for 2 minutes, a 
1-ml portion was serially diluted in 9-ml PBS blanks and 
0.1-ml aliquots from each dilution were inoculated into 
LTB-MUG tubes. All samples were incubated at 35 C for 24 h 
and for 48 h and total coliform (gas production) and fecal 
coliform (fluorescence) estimates were made. As was 
described in the previous subsection on water analysis, 
all tubes that were gas-positive, fluorescence-positive, or 
both were subcultured into EC Broth at 45 C to confirm the 
presence of fecal coliforms or E. coli. 
For the analysis of raw milk, each sample was mixed 
thoroughly, serially diluted in 9-ml PBS blanks and analyzed 
as described above for food samples. 
A comparative total coliform count was also determined 
for each food and milk sample by using the VRB-2 agar over­
lay method. 
Induction Studies 
Beall and Grant (1952) reported that the production of 
GUD by E. coli varied depending on strains. To determine 
whether a GUD inducer could be incorporated into the LTB-MUG 
medium to enhance GUD activity in weakly positive strains, 
4-methylumbelliferone glucuronide (MUG), phenolphthalein 
glucuronide (PG), and D-glucuronic acid were tested as 
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inducers. 
Various concentrations of MUG (0%, 0.1%, and 0.2%), 
PG (0%, 0.1%, and 0.3%) and D-glucuronic acid (9%, 0.2%, 
0.4%, 0.6%, 0.8%, and 1.0%) were added to separate batches 
of LTB and the pH was adjusted to 7.3. Each medium was then 
filter-sterilized and dispensed aseptically into sterile 
tubes. Aliquots of 0.1-ml from overnight cultures of 
three weak GUD-producing E. coli strains (2B6, C3000, and 
504) were used as inocula. After induction for 24 h at 
35 C, the cells were harvested by centrifugation, washed, 
and resuspended in PBS. Cell densities were adjusted to an 
O.D. of 0.50 at 540 nm by using a Bausch and Lomb Spectronic 
20 spectrophotometer. 0.1 ml of each cell suspension 
was then inoculated into tubes of LTB-MUG, and the tubes 
were monitored closely for the onset and intensity of 
fluorescence. 
Sensitivity Studies 
This study was conducted in an attempt to correlate 
cell density versus the initial appearance of fluorescence. 
Another purpose was to determine the lower detection limit 
of the LTB-MUG assay. 
An overnight culture of E. coli B cells grown in LTB 
was adjusted to the density of a McFarland standard #1, and 
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serially diluted to extinction in sterile 9-ml PBS blanks. 
Aliquots of 0.1 ml from each dilution were then inoculated 
into LTB-MUG tubes and plated on TSA plates to determine the 
number of viable bacteria present. All inoculations and 
platings were done in triplicate. Inoculated tubes were 
incubated at 35 C and monitored closely for the onset of 
fluorescence. The sensitivity of the LTB-MUG medium was 
determined by correlating the number of cells initially 
present versus the approximate time at which fluorescence 
was detected. The lowest detection limit was assessed by 
the least number of cells which caused fluorescence. Also, 
the number of cells present at the time fluorescence was 
detected was determined by surface-plating samples on TSA 
agar plates. 
Detection of Heat-Injured 
Bacteria 
Exposure of bacteria to adverse treatments often 
results in cell injury. Impairment of enzymes have been 
reported in some debilitated cells (Hurst, 1977) . The 
possibility that heat treatment may have affected GUD 
activity was studied by examining the ability of LTB-MUG 
medium in an MPN analysis to recover heat-injured E. coli 
cells. 
An overnight culture of E. coli B cells grown in TSB 
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was adjusted to the density of a McFarland standard #3, 
and the initial concentration of cells present was de­
termined by a plate count on TSA plates. The cell sus­
pension was then placed in a 56 C water bath and incubated 
for 10 minutes. After treatment, the numbers of viable 
cells present were determined again by using TSA plates and 
VRB-2 agar medium. The fraction of cells which grew on 
TSA but not on VRB-2 was considered to be injured. Heat-
treated cells were also diluted to extinction in PBS and 
inoculated into LTB-MUG tubes, for a 5-tube MPN analysis. 
All scimples were incubated at 35 C, and all the platings and 
inoculations\were performed in triplicate. 
Detection of Chlorine-Injured 
Bacteria 
The ability of the LTB-MUG medium to recover chlorine-
injured E. coli cells was studied in 2 separate experiments. 
In each study, a comparative count was also performed by 
using the VRB-2 agar overlay method. 
In the first study, tap water was used to treat E. coli B 
cells. Presumably, the low nutrient environment of tap 
water along with the residual chlorine present would be 
sufficient to induce injury. A preliminary study was set up 
to determine the survival pattern of E. coli cells in tap 
water. A Fernbach flask containing 1700 ml of tap water and 
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a magnetic stir bar was sterilized in an autoclave, and 
the level of free chlorine in the water was determined by 
using a Model CN-70 free chlorine test kit (Hach Chemical 
Co., Ames, lA). An overnight culture of E. coli B cells 
grown in 100 ml of TSB was harvested by centrifugation, 
washed three times in sterile PBS and resuspended in 100 ml 
of sterile tap water. The entire cell suspension solution 
was then aseptically added to the Fernbach flask and the 
suspension was stirred slowly at room temperature. At 30-
minute intervals, beginning with 0 time, samples were re­
moved, diluted in 9-ml PBS blanks and plated in TGEA plates 
to observe changes in viable cell population. An exposure 
time that resulted in a kill rate of about 90% was used. 
Three separate experiments were performed. In each experi­
ment, the water sample was analyzed for free chlorine and 
the numbers of cells viable before and after treatment 
were enumerated in triplicate by using TGEA plates, VRB-2 
agar and the LTB-MUG 5-tube MPN procedure. The recovery 
efficiencies of the different methods were then compared. 
In the second study, E. coli B cells were treated for a 
short time with 0.5 mg of chlorine/liter of water. The 
chlorine treatment used to injure cells was that described 
by Camper and McFeters (1979). A 12- to 16-h culture of 
E. coli B was grown in 100 ml of TSB and harvested by 
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centrifugation. The cells were washed several times in 
peptone phosphate buffer (PPB; peptone, 1 g; NaHgPO^'HgO, 
0.386 g; NagHPO^, 1.02 g; distilled HgO, 1000 ml; pH 7.2). 
Then the final pellet was resuspended in 100 ml of chlorine-
free water; this was mixed with an additional 900 ml of 
chlorine-free water in a Fernbach flask containing a stir 
bar. The initial concentration of cells was determined 
by plating on TGEA and VRB-2 agar. A chlorine solution 
was prepared by diluting 1 ml of Chlorox bleach (5.25% sodium 
hypochlorite) in 99 ml of chlorine-free water to obtain a 
stock solution of 500 mg chlorine/liter. One ml of stock 
solution was then added to 1000 ml of cell suspension, 
resulting in a final chlorine concentration of 0.5 mg/liter. 
During treatment at room temperature, the solution was 
constantly stirred at low speed with a magnetic stirrer. At 
2-minute intervals fora period of 10 minutes, samples were 
removed to determine the extent of chlorine damage. Each 
sample was mixed with 1 ml of O.lN sodium thiosulfate 
solution to neutralize residual chlorine, and then was 
plated in triplicate on TGEA and VRB-2 agar to assess the 
fraction of injured cells. A chlorine exposure time that 
elicited 90% cell injury was used. Three separate experi­
ments were performed. In each experiment, the chlorine-
treated samples were additionally inoculated into LTB-MUG 
tubes for a 5-tube MPN analysis to determine the efficiency 
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of this medium to recover chlorine-injured E. coli. 
Bacterial Interference 
It has been reported (Braswell and Hoadley, 1974; Olson, 
1978) that when coliforms were present in lactose and lauryl 
tryptose broths simultaneously with high numbers of com­
peting bacteria, the coliforms often failed to produce 
gas. False-negative presumptive MPN reactions resulted. 
A study was conducted, therefore, to examine whether false-
negatives (absence of gas production in the presence of 
E. coli) may be detected by the appearance of fluorescence 
in LTB-MUG medium. 
Potentially antagonistic organisms tested were: 
Flavobacterium suaveolens, Citrobacter freundii. Bacillus 
subtilis, 3 strains of Pseudomonas aeruginosa, 2 strains of 
Pseudomonas fluorescens, 2 strains of Proteus vulgaris, 
Candida albicans, and Micrococcus lutea. All these micro­
organisms have been reported to inhibit coliforms (Hutchin­
son et al., 194 3; Geldreich et al., 1972). 
A preliminary study was conducted to determine whether 
these organisms had the ability to suppress gas production by 
E. coli. Each potential antagonist was grown overnight in a 
tube of LTB-MUG medium to make certain that it did not 
possess GUD activity or produce gas from the fermentation of 
lactose. Cell numbers present in each tube were then 
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determine: by a plate count on TGEA. An LTB culture of 
E. coli was adjusted to the density of a McFarland 
standard #1 and serially diluted in PBS. The number of cells 
present at each dilution was determined by plate count, and 
various concentrations of E. coli cells were then added to 
the tubes of potential antagonists. All tubes were incu­
bated at 35 C and examined for fluorescence and gas pro­
duction. 
To determine the least number of antagonistic cells 
that suppressed gas production, cultures of both the antago­
nist and E. coli were diluted and plated to enumerate the 
number of cells present at each dilution. Various concen­
trations of antagonist and E. coli were then added to tubes 
of LTB-MUG medium and checked again for fluorescence and gas 
production. 
A Rapid Enumeration Method for 
E. coli 
As discussed earlier, identification of bacteria through 
enzyme activities had the advantage of specificity and rapid 
availability of results. Based on these factors, a rapid 
screening and enumeration assay was developed, which relied 
solely on the criterion of fluorescence to detect E. coli. 
This method was a modification of the microtitration plate 
assay described earlier under "Specificity Studies". 
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Wells in a microtitration plate were filled with TSA 
containing 100 ug/ml of MUG. The wells were inoculated 
directly with a drop of sample to screen for the presence 
of E. coli (these data will not be reported here), or the 
wells were arranged in 9 rows of 5 wells each, so that each 
set represented triplicate determinations of a 5-well MPN 
analysis. 
Samples of sewage effluent collected from the Ames 
Wastewater Treatment Plant were serially diluted to extinc­
tion in PBS blanks; 1 drop (0.05 ml) of appropriate dilu­
tion was inoculated into each well. The microtitration 
plate was then sealed with Microtiter plate tape and incu­
bated overnight at 35 C. The plate was examined under UV 
light; wells that fluoresced were counted and used to obtain 
MPN estimates. 
A comparative study was performed to examine the 
efficiency of the 5-well MPN assay versus the 5-tube MPN 
method by using the LTB-MUG medium. 
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RESULTS AND DISCUSSION 
The presence of GUD activity in bacteria has been 
examined by several workers. Many different methods have 
been tested. The fluorogenic compound, 4-methylumbelli-
ferone glucuronide (MUG) is the most widely used 
substrate; the assay is very sensitive. In initial studies 
to determine the distribution of GUD activity in gram-
negative bacteria, a microtitration plate assay was used to 
examine 198 strains. Glucuronidase-positive strains 
hydrolyzed MUG, releasing 4-methylumbelliferone, which was 
fluorescent under UV light (Figure 1). The assay was 
simple and rapid. Most reactions occurred within 4 h; 
however, some weakly GUD-positive strains required over­
night (16-h) incubation. The presence of GUD was confined 
to E. coli (97%), Salmonella (17%) and Shigella (40%); all 
other genera tested were negative (Table 1)• These results 
were in agreement with those of Kilian and BUIOW (1976) 
who tested 633 Enterobacteriaceae and found that 97% of 
E. coli and 50% of Shigella spp. were the only ones posi­
tive for GUD. Godsey et al. (1981) also obtained similar 
results. LeMinor (1979) reported that of 4,000 strains of 
Salmonella examined, 30% produced GUD. The estimate of 17% 
obtained in this study is lower than the 30% reported by 
LeMinor (1979) but this is not surprising, since GUD 
Figure 1. Microtitration plate-MUG assay for bacterial GUD activity. Fluorescent 
wells (light color) are considered positive reactions 
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Table 1. Presence or absence of glucuronidase activity in 
198 strains of grêim-negative bacteria 
Organism Number tested 
Number 
positive (%) 
Citrobacter spp. 4 0 (0%) 
Enterobacter spp. 9 0 (0%) 
Escherichia coli 110 106 (97%) 
Enterotoxigenic E. coli 10 10 (100%) 
Klebsiella spp. 11 0 (0%) 
Proteus spp. 4 0 (0%) 
Pseudomas spp. 8 0 (0%) 
Salmonella spp. 35 6 (17%) 
Serratia spp. 2 0 (0%) 
Shigella spp. 5 2 (40%) 
production in salmonellae was reported to be serotype 
specific (LeMinor, 1979). 
Ten strains of enterotoxigenic E. coli tested were also 
positive for GUD activity. Enterotoxigenic and entero-
pathogenic strains of E. coli are common etiological 
agents of diarrheae (Ryder et al., 1976), and they have been 
troublesome to detect and enumerate with standard procedures 
(APHA, 1976a). Furthermore, some pathotypes of E. coli 
reportedly were unable to ferment lactose, were sensitive 
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to elevated temperatures, and were inhibited by routinely 
used enteric media (Mehlman et al., 1975). It appears that 
fluorogenic assays for GUD may provide an attractive and 
reliable initial screening method for the presumptive 
detection of E. coli pathotypes. Only GUD-positive strains 
would be subjected to further complicated testing. 
LeChevallier et al. (1980) reported that Aeromonas spp. 
and Enterobacter agglomerans were easily mistaken for E. coli 
in routine water analysis. Both of these organisms often 
showed the same IMViC pattern as E. coli and sometimes formed 
E. coli-like colonies on m-Endo agar (Neilson, 1978; Goshko 
et al., 1981). Likewise, Vibrio spp. mimic E. coli on VRB 
agar (Rosen and Levin, 1970b). I tested 4 E. agglomerans 
strains and Kilian and Bulow (1976) examined over 40 
Vibrio and Aeromonas spp.; none of these produced GUD. 
Therefore, members of these three genera could be easily 
distinguished from E. coli by the fluorogenic GUD assay. 
Although the presence of GUD was not absolutely 
specific for E. coli, the fact that strains of Salmonella 
and Shigella also produced this enzyme did not significantly 
alter the sensitivity of the assay, nor the purpose for 
which these assays were intended. 
The idea of incorporating MUG directly into con­
ventional coliform assays was appealing because the capa­
bilities and efficiencies of these methods have already 
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been established. In addition, all the coliform media 
and reagents were commercial products; therefore, commonly 
used and readily available. The applicability of MUG to 
three different coliform detection assays was examined. 
With the membrane filter-m-Endo broth technique, the 
presence of MUG efficiently distinguished fecal and non-
fecal coliforms. E. coli colonies appeared red, as any 
coliform on m-Endo broth, but the E. coli colonies also 
fluoresced when exposed to UV light. No fluorescence was 
detected with E. aerogenes colonies (Figure 2). Likewise, 
in the direct plating method using VRB-2 agar, E. coli colo­
nies were differentiated from other coliforms by the ap­
pearance of fluorescent halos (Figure 3). In essence, the 
m-Endo-MUG and the VRB-2-MUG media enabled a total coliform 
count (based on acid production from lactose) plus a specific 
fecal coliform count (fluorescence) to be made on the same 
plate or membrane in a one-step procedure. In each method, 
the reactions were specific and rapid, and the fluorescence 
was almost invariably detectable within 12 to 20 h of incu­
bation . 
One disadvantage noted with the above methods, how­
ever, was that 4-methylumbelliferone released by GUD activity 
readily diffused into the surrounding medium. If the plates 
and membranes were not observed within 36 h, the fluorescence 
Figure 2. A membrane filter incubated on a paper pad saturated with m-Endo-MUG 
broth. E. coli appear as fluorescent colonies; the dark non-
fluorescent colonies are E. aerogenes 

Figure 3. A pour plate of VRB-2-MUG medium. Colonies of E. coli are surrounded 
by fluorescent halos which are absent surrounding ËT aerogenes colonies 

84 
spreaded laterally and covered the entire surface area. Also, 
the time period specified varied with the number of colonies 
present on the plate or membrane and on the incubation 
temperature used. 
When MUG was incorporated ito lauryl tryptose broth 
(LTB), diffusion of 4-methylumbelliferone from MUG was not 
a problem. The presence of E. coli was detected by the 
appearance of fluorescence throughout the entire tube. 
Figure 4 shows that E. coli cells inoculated into sets of 
LTB-MUG and plain LTB media produced gas in equivalent 
amounts; however, the LTB-MUG medium fluoresced when 
examined under UV light, confirming immediately that 
E. coli was present. Thus, if LTB-MUG medium was used in 
an MPN analysis, a presumptive coliform enumeration could 
be made based on the conventional gas production from 
lactose fermentation, and at the same time, an immediate 
confirmation and fecal coliform count could be obtained 
based on fluorescence. Additional tests would not be 
necessary, which could effect considerable savings in labor, 
time, and media. 
One interesting observation with the LTB-MUG test that 
merits further discussion concerns the two tubes to the left 
in Figure 4, which did not show gas production. This pair 
of LTB-MUG and LTB tubes was serendipitously inoculated 
Figure 4. Three sets of LTB-MUG (fluorescent) and LTB (nonfluorescent) tubes 
inoculated with E. coli and then photographed under UV light. The 
pair of tubes on the left was inoculated with an anaerogenic strain 
of E. coli (absence of gas production) 
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with an anaerogenic strain of E. coli; these strains are 
often undetected in routine analysis because of the absence 
of visible gas formation. Although anaerogenic and weakly 
aerogenic strains comprise only about 5 to 10% of the 
E. coli population (Edwards and Ewing, 1972), they were 
reported to be a cause of false-negative reactions in the 
presumptive, confirmed and even completed MPN analyses 
(Anderson et al., 1980; Tham and Danielsson, 1980). It is 
clear from this study that anaerogenic strains of E. coli 
could be detected without difficulty by using the fluoro-
genic GUD assay. 
MUG was also tested in several other enteric media. 
With the exception of Eosin Methylene Blue (EMB) agar, all 
media examined were suitable, and the natural color of the 
medium did not interfere \ith the fluorescence emitted from 
MUG. When plates of EMB agar were exposed under UV light, 
a natural yellowish fluorescence background was emitted; 
this masked the blue fluorescence emitted from MUG as a 
result of GUD activity. The presence of eosin Y dye and 
methylene blue indicator in EMB agar may have been 
responsible for the background fluorescence. Seemingly, 
MUG may be used in enteric media with few exceptions. 
Any new coliform medium or method introduced must be 
stringently tested by using naturally contaminated samples. 
Therefore, 10 samples ranging from highly polluted sewage 
88 
effluents to relatively unpolluted gravel pit water were 
tested by using the VRB-2-MUG medium and the LTB-MUG-MPN 
assay. In both methods, a total coliform count was 
determined based on either acid (VRB-2 agar) or gas (LTB 
broth) production. Then the plates and tubes were exposed 
to UV light and observed for the presence of fecal coli-
forms (fluorescence). The data in Table 2 show the 
geometric means of counts and recovery percentages of all 10 
water and sewage samples. When the total coliform estima­
tions were compared, large discrepancies were noted between 
the methods. With VRB-2-MUG medium, a geometric mean of 
3.65 X 10^ cells/ml was obtained, based on acid production. 
Table 2. Geometric mean of counts and percentage recoveries 
(in parenthesis) of 10 water samples analyzed 
with 3 different methods 
VRB-2-MUG LTB-MUG 
Total 
coliforms 
(%) 
Fecal 
coliforms 
(%) 
Gas 
(%) 
Fluorescence 
(%) 
mFC 
broth 
(%) 
3.65 X  1 0 ^  
(100%)* 
1.09 X10 
(3%) 
4 1.12 xlO 
(31%) 
5 1.14 X  10 
(3.2%) 
4 9.8 X  10 
( 2 . 6 % )  
3 
*The highest count obtained was used as 100% to calcu­
late the other percentages. 
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The LTB-MUG medium, based on gas production, was only able to 
detect 1.12 x 10^ cells/ml or 31% of that detected on 
VRB-2-MUG. This was unexpected because MPN methods have 
been known to overestimate the true number of bacteria 
present (McCarthy et al., 1958; APHA, 1976b) and MPN 
methods have been reported to detect higher numbers of 
coliforms than the VRB agar direct plating method (Ray 
and Speck, 1973a). The results are not surprising, however, 
because Hartman (1960) and Rosen and Levin (1970a) reported 
that VRB agar often allowed the nonselective development 
of many grcim-negative, noncoliform bacteria. Also, factors 
such as bacterial interference, anaerogenic coliforms, and 
the presence of injured bacteria may have resulted in the 
lack of gas production in some of the LTB-MUG tubes. 
When fecal coliform estimations, based on fluores­
cence were examined, much closer correlations in recovery 
rates were obtained. Mean recovery efficiencies of 3.0% 
and 3.2% were detected with the VRB-2-MUG and the LTB-MUG 
media, respectively (Table 2). Furthermore, both of these 
recoveries were higher than that obtained with the membrane 
filter mFC broth method (2.6%) which was a test specific 
for the detection of fecal coliforms. Most likely, the 
incubation temperature of 45 C used with the mFC method 
was detrimental to growth of some E. coli (Rose et al., 
90 
1975; DuFour, 1977; Meadows et a l . ,  1980a). Others have 
reported that mFC methods traditionally recovered fewer 
fecal coliforms than MPN methods (Lin, 1973; Braswell 
and Hoadley, 1974). Similarly, the slightly lower recovery 
of fecal coliforms on VRB-2-MUG medium than on LTB-MUG 
medium may be attributed to the more selective nature of 
VRB agar (Maxcy, 1973). 
All LTB-MUG tubes which showed either gas, fluorescence 
or both were subcultured into EC broth and incubated at 
45 C to check for the presence of fecal coliforms (Table 3). 
Tests in EC medium confirmed that 85% of the gas (+) 
fluorescence (+) tubes contained E. coli, but there also 
was a 9% apparent false-positive rate (positive gas 
production in EC medium in the absence of fluorescence). 
I did not consider these figures unusual because Geldreich 
(1966) reported that about 90% of E. coli and 8% of nonfecal 
coliforms produced gas in the EC test. The most inter­
esting aspect of my study, however, was that 17 gas (-) 
fluorescence (+) LTB-MUG tubes failed to produce gas on the 
EC confirmatory test (Table 3). In an attempt to isolate 
the fluorescence-causing organisms, scunples from these 
tubes were streaked for isolation on a nonselective medium 
(TGEA) and on a selective medium (EMB)• Isolated colonies 
were then tested for GUD activity with the microtitration 
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Table 3. Results of EC broth fecal coliform confirmatory 
tests on LTB-MUG tubes obtained from the MPN 
analysis of water samples 
LTB--MUG reaction Number tested 
Positive 
EC (%) 
Gas { + ) Fluorescence { + ) 72 61 (85%) 
Gas ( + ) Fluorescence (-) 72 7 (9%) 
Gas (-) Fluorescence ( + ) 17 0 (0%) 
plate-MUG assay. Four fluorescence-causing bacteria were 
isolated from the 17 tubes examined. These 4 isolates were 
checked with the Minitek identification system (BBL, 
Cockeysville, MD). Two of the four isolates were identi­
fied as nongas producing strains of E. coli, because they 
conformed to E. coli by Minitek tests but failed to produce 
gas when subcultured back into LTB tubes. Of the other 2 
isolates, one was a Shigella sp. and the other a Salmonella 
sp., which would also account for the lack of gas production 
from lactose. With regard to the other 13 tubes, it is 
very possible that E. coli were present, but yielded false-
negative results based solely on gas production. The in­
ability to isolate relevant organisms from those 13 tubes 
may be due to the presence of organisms antagonistic to 
gas production by E. coli or organisms that decreased the 
viability of E. coli. Such interference has been reported to 
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be prevalent in waters with high bacterial densities (Thomp­
son, 1927). In my study, no correlation was observed be­
tween high total background counts and high incidences of 
gas (-) fluorescent (+) tubes. The lack of correlation 
did not rule out, however, the possibility that bacterial 
interference might have occurred. Organisms such as 
Bacillus, Flavobacterium, and Moraxella spp. were reported 
to produce bacteriocin-like substances which specifically 
killed coliforms (Weaver and Boiter, 1951; Means and Olson, 
1981). 
For the analysis of food samples, only the LTB-MUG 
assay was tested. Each food sample was examined for total 
coliform count based on gas, then the fraction of fecal 
coliforms present was determined based on fluorescence. 
The average counts of 3 replicate per food category were 
examined (Table 4). The highest incidences of fecal coli­
forms were observed in meat products (28% of the total 
coliforms present, or approximately 10^ cells/g). The 
fluorogenic count (E. coli count) was higher than counts 
of E. coli in ground beef reported by others; ground beef 
2 
samples on the average contained 10 E. coli cells per gram 
in two other studies (Duitschaever et al., 1973; Ensweiler 
et al., 1976). Generally, the presence of coliforms in 
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Table 4. Results of food and milk analysis by using the 
LTB-MUG-MPN analysis (counts are average of 
3 replicates) 
LTB-MUG 
Gas (%) Fluorescence (%)^ 
Ground beef 3 .9 X 10^ (100%) 1. 1 X 10^ (28%) 
Chicken giblets 4 .5 X 10^ (100%) 5. 6 X 10^ (12%) 
Raw milk 7 .8 X 102 (100%) 2. 0 X 10^ (2.5%) 
Frozen broccoli 5 .2 X 102 (100%) 2. 0 X 10° (0.4%) 
^Percentage represents the fraction of fecal coliforms 
present in each food category. 
ground beef ranged from 10^ to 10^ cells/g (Jay, 1978). 
As expected, frozen broccoli yielded the lowest fecal 
coliform count (2 cells/g). Numbers of E. coli or fecal 
coliforms have been reported to be low in frozen vegetables 
(APHA, 1976a). 
The EC broth confirmatory test results for food and 
dairy samples are shown in Table 5. A total confirmation 
rate of 91% was observed for all gas (+) fluorescent (+) 
tubes. Also, a low false-positive rate of 2.0% was observed 
(positive EC test in the absence of fluorescence). These 
confirmation rates were in good agreement with the results 
of Geldreich (1966), and the rate of false-positive reactions 
Table 5. Results of EC broth fecal coliform confirmatory tests on LTB-MUG tubes 
obtained from the MPN analysis of food and milk samples 
Sample LTE--MUG reactions Number tested 
Positive 
EC (%) 
Ground beef Gas ( + ) Fluorescence + ) 63 63 (100%) 
Gas ( + ) Fluorescence -) 22 0 (0%) 
Chicken giblets Gas ( + ) Fluorescence + ) 97 86 (89%) 
Gas ( + ) Fluorescence -) 4 0 (0%) 
Raw milk Gas ( + ) Fluorescence + ) 33 27 (82%) 
Gas { + ) Fluorescence -) 55 3 (5%) 
Frozen broccoli Gas ( + ) Fluorescence + ) 3 1 (34%) 
Gas ( + ) Fluorescence -) 83 0 (0%) 
TOTAL Gas ( + ) Fluorescence + ) 196 177 (91%) 
Gas ( + ) Fluorescence -) 164 3 (2%) 
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was even lower than those reported by him (8%). No gas (-) 
fluorescent (+) tubes were encountered in the analysis of 
food and dairy samples. 
Based on the results obtained from water, sewage 
and foods, it appears that the GUD assays using MUG 
were applicable to conventional coliform analyses. The 
methods excimined were efficient and accurate, and they 
provided a conventional total coliform count, as well as 
a reasonably reliable E. coli count (fluorescence). 
The MPN assay is probably the most often used method 
in the enumeration of coliforms in routine analyses of 
food and water. Therefore, the applicability of LTB-MUG 
medium in the MPN method was studied in further detail. 
Beall and Grant (1952) reported that the production of 
GUD by E. coli varied with the inducer that was used as 
well as the bacterial strain. If an inexpensive GUD in­
ducer could be incorporated into LTB-MUG medium, it might 
reduce the time required for the assay and also enhance 
the fluorescence of weakly positive GUD strains. This would 
result in increased efficiency and sensitivity of the assay. 
E. coli cells were exposed to various concentrations of 
4-methylumbelliferone glucuronide, phenolphthalein glucu-
ronide, or D-glucuronic acid in LTB medium. None of the 
compounds increased the GUD activity of the strains of 
E. coli that I used. No differences in the intensity or 
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the degree of fluorescence was noted when induced and un-
induced cells were compared. Contrarily, higher concentra­
tions of D-glucuronic acid (0.4% or higher) inhibited the 
production of fluorescence. E. coli is capable of using 
glucuronic acid as the sole carbon source (Novel et al., 
1974). Therefore, it is possible that GUD, which normally 
hydrolyzes glucuronides to release glucuronic acids, 
may be inhibited when these compounds are present in over­
abundance. The occurrence of end-product inhibition, how­
ever, is another possible explanation. 
None of the compounds tested in this study had been 
reported as inducers of GUD production. The most commonly 
used GUD inducers were menthyl and borneol glucuronide 
(Doyle et al., 1955), which are expensive and laborious 
to synthesize and not available commercially. In view 
of the fact that to incorporate an inducer will considerably 
increase the cost per assay, no further studies were conduc­
ted. 
Although many workers have reported that the MUG assay 
for GUD was sensitive, there were no studies on the detec­
tion limits of the MUG assay. The sensitivity of LTB-MUG 
medium was determined by correlating cell counts with 
appearance of fluorescence (Figure 5). With an initial 
4 inoculum of about 10 cells/ml, fluorescence was observed 
in 4 h. Detectable gas evolution at this same inoculum level 
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Figure 5. Relationship between initial cell count and time 
of occurrence of fluorescence in LTB-MUG medium 
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did not occur until approximately 9 h. Also, if one viable 
cell was present initially, fluorescence was observed 
7 8 
within 20 h. Roughly, 10 to 10 cells/ml were required 
to produce fluorescence. Very similar detection effi­
ciencies were observed with impedimetric procedures, that 
depended upon the production of threshold quantities of 
metabolites. Impedance assays often required a threshold 
concentration of 10^ to 10^ cells/ml before conductivity 
changes could be detected (Cady et al., 1978; Silverman 
and Munoz, 1979) . 
Basically, the appearance of fluorescence in LTB-MUG 
medium depended on cell density; fewer cells required longer 
incubation periods. The detection limit and sensitivity 
of the medium was good and comparable to other methods. 
In addition, the results of fluorescent assays were avail­
able much faster than conventional methods that rely upon 
the detection of gas evolution. 
One of the problems commonly encountered during food 
and water analysis is the presence of stressed or injured 
cells (Busta, 1976). Factors such as heating, freezing, 
drying or the presence of toxic chemicals such as chlorine, 
can cause injury to cells (Bissonnette et al., 1975; Hurst, 
1977; Camper and McFeters, 1979). Mild heat and chlorina-
tion treatments have also been reported to affect enzyme 
functions (Hurst, 1977). Debilitated bacteria have the 
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ability to recuperate and grow on nonselective media, but 
not on selective media. 
Because of the importance of cell injury in coliform 
analyses, the LTB-MUG-MPN method to detect heat- and 
chlorine-injured cells was examined. A culture of E. coli 
was heated at 56 C for 10 minutes, which caused a 94% 
reduction in the number of viable cells. Among the 
survivors, 99% were injured. These grew on TSA but not on 
VRB agar. Table 6 shows the counts and the percentage 
recovery efficiencies of VRB-2 and LTB-MUG media in relation 
to TSA. The counts obtained with the LTB-MUG-MPN assay were 
based only on fluorescence, although all tubes that fluo­
resced also showed gas production. This was suggestive that 
neither glucuronidase nor formic hydrogenlyase was damaged 
by the heat treatment. This does not support the specula­
tion by Olson (1978) that absence of gas production by 
injured bacteria was due to impairment of formic hydrogen­
lyase function. Large discrepancies in the arithmetic 
mean recovery efficiencies were observed between LTB-MUG 
broth (73%) and VRB-2 agar (0.51%). Similarly, if the 
geometric means were used, 61% and 0.52% were observed for 
LTB-MUG medium and VRB-2 agar, respectively. VRB agar 
has been reported to be highly selective and thus inadequate 
in rescuing injured cells (Ray and Speck, 1973b). In my 
study, however, the VRB-2 method was used, which included a 
Table 6. Comparative efficiency of the LTB-MUG-MPN method versus the VRB-2 
method in the recovery of heat-injured E. coli 
Sample TSA (%) VRB-2 (%) LTB-MUG (%) 
1 
2 
3 
4.4 X 10' (100%) 5.3 X 10 (0.12%) 3.4 x 10 (77%) 
4.5 x 10 (100%) 3.5 x 10^ (0.78%) 1.9 X 10^ (43%) 
1.6 X 10 (100%) 2.4 X 10 (1.50%) 1.1 x lO' (69%) 
Arithmetic _ _ _ 
mean 2.15 x l o '  (100%) 1.1 x 10 (0.51%) 1.56 x l o '  (73%) 
Geometric 74 6 
mean 1.46 x 10 (100%) 7.6 x 10 (0.52%) 8.92 x 10 (61%) 
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2-h resuscitation period on TSA; therefore, such a poor 
recovery rate was not expeted. Variations in volume and 
temperature of the agar medium can affect recovery 
rates (Ray and Speck, 1973a); however, it would not cause 
such a large discrepancy. Most likely, the highly selec­
tive nature of the VRB agar inhibited some of the E. coli 
cells. The occurrence of VRB-sensitive strains of E. coli 
has been reported (Maxcy, 1973) . 
The results of this study showed that the LTB-MUG 
medium was superior to VRB-2 agar and, therefore, was 
applicable to the recovery of heat-stressed fecal coliforms. 
The effect of chlorine on bacteria has been studied 
extensively. Chlorine was speculated to cause injury by 
damaging enzymes important in carbohydrate metabolism 
(McKee et al., 1958). The ability of the LTB-MUG medium to 
detect chlorine-injured cells was examined. E. coli cells 
were exposed to tap water to induce injury. A nutrient-
deficient environment along with the presence of residual 
chlorine has been reported to damage cells (Hurst, 1977; 
Toth and Karelova, 1977). The survival pattern of E. coli 
cells in tap water is shown in Figure 6. An exposure time 
of about 2.5 h resulted in a 90% reduction in viable cell 
population. The water contained an average of 0.05 mg/ 
liter of free chlorine. The E. coli counts obtained on 
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Figure 6. Percentage of viable cells at various times after 
exposure of E. coli to chlorinated tap water at 
25 C 
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TGEA, VRB-2 and LTB-MUG media before and after exposure 
to tap water are shown in Table 7. The percentage recovery 
for each medium was calculated in relation to the relevant 
TGEA counts. The results obtained with the LTB-MUG medium 
were enumerated based on fluorescence; however, gas produc­
tion was also observed in all tubes which showed fluores­
cence. 
From the arithmetic mean recovery data before treatment 
(Table 7) it appeared that VRB-2 agar was able to recover 
only 60% of the E. coli cells present. This was not un­
usual because Maxcy (1973) reported that direct-plating 
methods using VRB agar routinely recovered only 71% of. 
the total coliforms present. Factors such as slight varia­
tions in agar volume and temperature as well as the presence 
of VRB-sensitive strains may be responsible for the slightly 
lower recovery rate on VRB-2 agar (Maxcy, 1973; Ray and Speck, 
1973a). On the other hand, the percentage obtained with the 
LTB-MUG-MPN method (148%) was much higher than that observed 
with TGEA. This also was not surprising because MPN enumera­
tions are based on statistical probabilities, which often 
overestimate the true number of bacteria present (McCarthy 
et al., 1958; APHA, 1976b). Ray and Speck (1973a) and 
Bissonnette atal. (1977) have also encountered instances 
where higher recovery rates were obtained with the MPN method 
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Table 7. Comparative efficiency of the LTB-MUG-MPN method 
versus the VRB-2 method for the recovery of E. coli 
cells from a nutrient deficient environment 
Sample TGEA (%) VRB-2 (%) LTB-MUG (%) 
BEFORE EXPOSURE 
1 5. 8 X 10® (100%) 2.6 X 10® (45%) 1. 0 X 10^ (172%) 
2 6. 7 X 10® (100%) 3.3 X 10® (49%) 9. 8 X 10® (146%) 
3 5. 6 X 10® (100%) 5.0 X 10® (89%) 7. 0 X 10® (125%) 
Mean^ 6. 0 X 10® (100%) 3.6 X 10® (60%) 8. 9 X 10® (148%) 
Mean^ 6. 0 X 10® (100%) 3.5 X 10® (58%) 8. 8 X 10® (146%) 
AFTER EXPOSURE 
1 8. 5 X 105 (100%) 3.4 X 10^ (40%) 1. 0 X 10® (117%) 
2 2. 9 X 10^ (100%) 1.7 X 10^ (59%) 3. 5 X 10^ (120%) 
3 1. 5 X 10^ (100%) 1.2 X 10^ (78%) 3. 0 X 105 (194%) 
Mean^ 4. 3 X 105 (100%) 2.1 X 105 (49%) 5. 5 X 105 (128%) 
Mean^ 3. 3 X 105 (100%) 1.9 X 105 (57%) 4. 7 X 10^ (142%) 
^Arithmetic mean. 
^Geometric mean. 
than with plate counts on TSA. The different counts 
observed may simply be inconsistencies which occur in com­
parative coliform analyses, and may also reflect the rela­
tive efficiencies of the methods. 
After exposing the cells for 2.5 h in tap water, a 93% 
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mean reduction in viability was observed. This was determined 
by the difference in counts obtained on TGEA before and after 
exposure. Among the survivors, 51% of the cells were sup­
posedly injured because the counts on VRB-2 were only 49% 
of those on TGEA (Table 7). However, the extent of injury was 
questionable because 40% of the cells failed to grow on 
VRB-2 agar even before the sample was treated. This 
observation suggested that possibly few if any cells were 
actually injured by the chlorine and that the sample had 
merely undergone a reduction in numbers of viable cells. If 
this was the case, then it would be expected that the ratios 
of recovery efficiency between methods should also remain 
fairly similar. This possibility was examined, and the 
arithmetic mean recovery ratios of VRB-2:LTB-MUG before and 
after treatment were 0.40 and 0.39, respectively. Also, if 
the data were analyzed by using geometric means, the recovery 
efficiencies obtained before and after treatment were 
similar. The geometric mean recovery efficiency for VRB-2 
agar before and after exposure was 58% and 57%, respectively. 
Similarly, efficiencies of 146% and 142% were obtained with 
the LTB-MUG medium. Based on these results, it appears that 
chlorine residues in tap water were not sufficient to injure 
cells. Therefore, although LTB-MUG medium showed higher 
recovery efficiencies, no reliable data were obtained from 
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this study on the ability of LTB-MUG medium to recover 
chlorine-injured bacteria. 
Due to the uncertainty that tap water caused chlorine-
injury lesions in the E. coli cells, additional experi­
ments were conducted. E. coli cells were treated for a 
short time with 0.5 mg/liter of chlorine. Effluents leaving 
many sewage treatment plants contained this concentration 
of residual chlorine, and it was reported to kill 99.9% of 
the E. coli cells present (APHA, 1976b). Camper and 
McFeters (1979) also used 0.5 mg/1 of chlorine to injure 
E. coli cells and obtained predictable and reproducible 
results. 
A preliminary experiment was conducted; the results 
showed that with 0.5 mg/1 of free chlorine an exposure time 
of approximately 8 minutes resulted in 89% cell injury. 
These grew on TGEA but not on VRB-2 agar. A similar extent 
of injury was obtained by Camper and McFeters (1979). Three 
suspensions of E. coli cells were treated with 0.5 mg/1 of 
chlorine for 8 minutes and the recovery efficiencies of the 
LTB-MUG and the VRB-2 media were compared (Table 8). Before 
treatment, the counts obtained on TGEA and VRB-2 were almost 
identical. An arithmetic mean recovery rate of 95% was ob­
tained on VRB-2 in relation to TGEA. After chlorination, a 
99.9% mean reduction in viable cells was determined by the 
Table 8. Comparative efficiency of the LTB-MUG-MPN method versus the VRB-2 method 
for the recovery of chlorine-injured E. coli 
Untreated Treated^ 
Sample TGEA VRB-2 TGEA VRB-2 LTB-MUG 
(%) (%) (%) (%) (%) 
1 2.28 xio/ 2.08 xlO^ 8.2 X 10^ 9.0 X 10^ 2.6 X 10^ 
(100%) (91%) (100%) (11%) (32%) 
2 1.96 X10^ 1.94 X10^ 1.0 X 10^ 1.1 X 10^ 2.3 X 10^ 
(100%) (99%) (100%) (11%) (23%) 
3 1.65 X10^ 1.56 xio/ 1.0 X 10^ 1.3 X 10^ 3.5 X 10^ 
(100%) (95%) (100%) (13%) (35%) 
Arithmetic 1,96 X 10? 1.86 xlO^ 3.1 X 10^ 3.4 X 10^ 9.6 X 10^ 
mean (100%) (95%) (100%) (11%) (31%) 
Geometric 1.94 xlO? 1,84 xlO? 9.4 X 10^ 1.1 X 10^ 2.8 X 10^ 
mean (100%) (95%) (100%) (12%) (30%) 
^Treated with 0.5 mg/liter of chlorine for 8 minutes at 25 C. 
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difference in counts on TGEA before and after treatment. 
The extent of chlorine-injured cells, as determined by the 
difference in counts on TGEA and VRB-2 agar, ranged from 
87% to 89% for the 3 samples. These agreed with the 
results obtained in the preliminary study (89%), and also 
supported the findings of Camper and McFeters (1979). From 
post-exposure arithmetic mean recovery data, it is evident 
that neither VRB-2 nor LTB-MUG medium were efficient in 
detecting chlorine-injured cells. Geometric mean recovery 
efficiencies were within 1% of the arithmetic means. The 
LTB-MUG medium detected 31% of the cells in relation to 
TGEA, and VRB-2 agar recovered only 11%. Thus, the LTB-MUG 
medium was almost three times more efficient than VRB-2 agar 
in enumerating chlorine-injured bacteria. The recovery rate 
obtained with the VRB-2 agar method was unexpectedly low, 
especially since it included a 2-h resuscitation period on 
TSA. However, injured cells characteristically show a pro­
longed lag phase (Busta, 1976; Hurst, 1977); therefore, 
the 2-h preenrichment period may not have been sufficient 
for the repair of severely injured cells. Camper and 
McFeters (1979) reported that chlorine-injured E. coli 
cells often exhibited a 3-h lag period in selective 
media before growth initiation. 
The ability of LTB to rescue injured cells has been 
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questioned (Ray and Speck, 1973b; Olson, 1978; Rowley et al., 
1979). However, Clark and Ordal (1969) and Rose et al., 
(1975) obtained satisfactory repair of heat- and chlorine-
injured cells in this medium. LTB was considered suitable 
for enumerating chlorine-treated cells because sulfates in 
the medium neutralized any carryover of chlorine residues 
(Rose et al., 1975). Lin (1973) reported that the MPN method 
using the LTB medium yielded higher recoveries of chlorine-
injured bacteria than other coliform detection assays. Al­
though the results of this study support the fact that the 
LTB-MUG-MPN method was superior to the VRB-2 agar overlay 
method, the efficiency obtained (31%) was still very low. 
It is difficult to speculate why LTB medium was more in­
hibitory to chlorine-injured cells (Table 8) than to heat-
injured cells (Table 6). Perhaps the ability of LTB medium 
to rescue injured cells varies with the type of injury 
(site injured) or the nature of the treatment. 
Exposure of cells to chlorine has been known to affect 
enzyme activities (Hurst, 1977). Green and Stumpf (1946) 
and McKee et al. (1958) believed that chlorine damaged cells 
by oxidizing the sulfhydryl groups of enzymes. Aldolase, 
hexokinase, glucose 6-phosphate dehydrogenase and formic 
hydrogenlyase have all been reported to be affected (McKee 
et al., 1958; Toth and Karelova, 1977; Olson, 1978). All 
LTB-MUG tubes inoculated with viable chlorine-injured E. coli 
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Table 9. Comparative efficiency of the 5-well MPN (TSA-MUG) 
versus the 5-tube MPN (LTB-MUG) method in the 
recovery of fecal coliform (the counts were 
enumerated based on fluorescence) 
Sample 5-tube MPN (%) 5-well MPN (%) 
1 1.2 X 10^ (100%) 1.4 X 105 (116%) 
2 6.4 X 10^ (100%) 8.0 X 10^ (125%) 
3 3.3 X 10^ (100%) 3.0 X 10^ (91%) 
Arithmetic 
mean 3.6 X 105 (100%) 4.1 X 10^ (114%) 
Geometric 
mean 2.9 X 105 (100%) 3.2 X 10^ (110%) 
cells that were fluorescent also contained gas. It ap­
pears, therefore, that neither GUD nor formic hydrogen-
lyase were damaged by chlorine. However, the possibility 
that both enzymes were affected at the same time should not 
be ruled out either. 
The occurrence of bacterial interference in lactose 
broth and in LTB has been well-documented. Braswell and 
Hoadley (1974) and Olson (1978) reported that coliforms often 
failed to produce gas in the presence of antagonistic bacteria, 
resulting in false-negative presumptive MPN tests. Therefore, 
I tested 11 strains of bacteria and 1 strain of yeast that 
had been reported to be antagonistic to coliforms. Only 
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Proteus vulgaris effectively suppressed gas production by 
E. coli. Tubes of LTB-MUG inoculated simultaneously with 
P. vulgaris and E. coli remained anaerogenic for over 48 h; 
however, the fluorescence due to E. coli GUD activity ap­
peared within 15 h. Pure cultures of E. coli inoculated 
as controls produced both gas and fluorescence, but neither 
was detected in the P. vulgaris controls. By simultaneously 
inoculating various concentrations of E. coli and P. vulgaris 
cells into LTB-MUG tubes, it was determined that an approxi­
mate E. coli;P. vulgaris ratio of 1:10,000 was required to 
suppress gas production by E. coli. Hutchinson et al. (1943) 
reported also that suppression of E. coli occurred most often 
when the antagonists were present in a density range of 
10,000 cells/ml. Deviations from this ratio or incubations 
for longer than 48 h resulted in gas production. Chambers 
(1950) calculated that, on the average, 10^ cells/ml were 
required to produce visible quantities of gas. Therefore, 
if the density of competing bacteria was not high enough 
or if the tubes were incubated for a long time, E. coli 
cells which have a fast generation time were able to out­
grow P. vulgaris to produce gas. Another explanation is 
that growth of E. coli was suppressed during rapid growth of 
the antagonist; after rapid growth of the antagonist had 
subsided, E. coli entered a period of logarithmic growth. 
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Incidences of coliform suppression by P. vulgaris have been 
reported by Hutchinson et al. (194 3) and Geldreich et al. 
(1972). 
Based on the experiments and related studies described 
above, LTB-MUG medium would be extremely useful in the 
analyses of E. coli, especially for the analysis of 
high bacterial density water. Previously, in an attempt to 
improve the coliform recovery efficiency of the MPN method 
in situations where interference was suspected, Olson (1978) 
recommended that all negative presumptive tubes (no gas) 
which showed growth also be subjected to a confirmed test. 
Although this modification meant extra time, media, and labor, 
increases in coliform recovery of up to 40% were observed. 
With the LTB-MUG medium, no supplementary tests would be 
needed because fluorescence could be used to efficiently 
detect E. coli, even in the presence of bacteria that inter­
fere with the visible detection of gas. 
As determined previously, fluorescence due to GUD 
activity appeared before gas production from the fermentation 
of lactose. Therefore, a rapid screening and enumeration 
method was developed for E. coli, based solely on the cri­
terion of fluorescence. Microtitration plates were used; 
the wells were filled with TSA-MUG agar. A nonselective 
medium was used because it would not be inhibitory to injured 
bacteria; moreover, the test was specific, so no selective 
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agents were required. When the assay was tested, it was 
observed that with relatively contaminated seunples such as 
sewage effluents, drops of undiluted sample could be added 
directly into the wells. A positive confirmation (fluores­
cence) was often obtained after 4 h, but less contaminated 
samples required overnight incubation. The assay could also 
be converted easily into a 5-well MPN test to obtain an 
approximate count of E. coli present in the sample (Figure 
7). A similar microtechnique MPN method was developed by 
Rowe et al. (1977) to enumerate ammonia-oxidizing bacteria 
in soil. 
The 5-well MPN assay using TSA-MUG medium was compared 
to the 5-tube MPN method using LTB-MUG medium. The mean 
fecal coliform recovery efficiencies obtained by both methods 
were similar (Table 9); however the 5-well MPN assay was 
slightly better. Arithmetic and geometric mean recovery 
efficiencies of 114% and 110%, respectively, were observed, 
with the 5-well MPN assay, compared to 100% with the 5-tube 
MPN assay. The greater recoveries with the 5-well assay may 
have been due to the nonselective TSA base medium used. 
Also, LTB has been reported to be slightly selective (Ray, 
1979). 
The simplicity and accuracy of these microtitration 
plate assays, along with the capability to run multiple 
Figure 7. Appearance of a rapid 5-well MPN analysis, using microtitration 
plates filled with TSA-MUG medium. Each dilution was set up in 
triplicate 
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samples in a short time, makes these miniaturized methods 
ideal for automation. 
In conclusion, it appears from these studies that 
fluorogenic assays were highly efficient and applicable to 
routine analyses for coliforms and fecal coliforms. The 
substrate was easily incorporated into conventional con­
form tests, and it not only improved the detection efficien­
cies of these methods, but also reduced considerably the 
amount of time, media and labor required for each analysis. 
Studies involving injured cells as well as the presence 
of competing bacteria established that the fluorogenic tests 
had definite advantages over conventional methods. Further­
more, the assays were shown to be efficient amd accurate 
for the analysis of naturally contaminated food, milk, and 
water and wastewater samples. By eliminating the battery 
of biochemical tests and laborious manipulations now re­
quired for E. coli identification and yet providing sim­
plicity, sensitivity and specificity, fluorogenic enzymatic 
assays could revolutionalize the entire concept of coliform 
detection and identification. 
Lastly, I should like to conclude this section with an 
interesting speculation. Reddy et al. (1974) determined 
that bacterial glucuronidase levels in human stools was sig­
nificantly affected by diet. Intestinal flora of individuals 
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from a western society (high meat diet) were able to hydrolyze 
glucuronide conjugates more readily than that of individuals 
from a nonmeat diet. It would be most interesting to examine 
whether the fluorogenic GUD assay for fecal coliforms 
would be applicable or be equally efficient in a vege­
tarian or nonmeat consuming society as it seems to be in 
Ames, Iowa. 
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SUMMARY 
Fluorogenic assays for Escherichia coli were developed 
by using the compound 4-methyluinbelliferone glucuronide 
(MUG). The production of the enzyme glucuronidase was 
highly specific and was limited to strains of Escherichia, 
Shigella and some Salmonella in the family Enterobacteriaceae. 
The substrate MUG was incorporated amd tested in three 
coliform detection media (VRB-2 agar, m-Endo broth and 
Lauryl Tryptose Broth); E. coli could be distinguished from 
other coliforms on or in these media. When MUG was added 
to these media, a total coliform count could be determined 
based on the conventional acid or gas production. An im­
mediate confirmation of E. coli could also be obtained in 
MUG-containing media, based on fluorescence. No additional 
tests were required. 
When water, wastewater, and food seunples were examined, 
the fluorogenic detection assays were more efficient and 
accurate in the detection of fecal coliforms than some of the 
conventional coliforms assays. Approximately, 85% to 90% 
of the fluorescent reactions observed during water and food 
analysis were confirmed as having been caused by E. coli. 
Very few false-positive reactions were noted. 
The fluorogenic MPN assay was sensitive and rapid; it 
was able to detect the presence of 1 viable cell within 
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4 20 h. The presence of 10 cells or more could be detected 
in less than 4 h. The method was also fairly efficient 
in detecting heat-injured E. coli cells, and superior 
to the VRB-2 agar medium in detecting chlorine-injured 
bacteria. Among its other advantages, the fluorogenic 
test was able to detect E. coli in the presence of large 
numbers of competing bacteria (interference), and also de­
tected the presence of anaerogenic strains of E. coli. 
Based on the results of this study, the fluorogenic 
assay for glucuronidase was found to be a promising alterna­
tive method for detecting E. coli. It is a rapid, specific, 
and sensitive test which required little technical ex­
pertise to perform. Moreover, the fluorogenic test was 
easily incorporated into conventional detection assays; there­
fore, it did not require complex reagents and special media. 
The simplicity of these assays makes it highly suitable 
for field studies as well as amenable to automation. 
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